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The extracellular matrix is highly influential in regulating cell fate and function in 
vivo. Biophysical cues from the microenvironment are involved in nearly every cellular 
phenomenon, from initial embryogenesis to diseases such as atherosclerosis and cancer. 
This dissertation seeks to develop 3D hydrogel models to more accurately recapitulate the 
in vivo microenvironment by allowing for temporal modulation of stiffness. A strategy is 
presented to spatially and temporally tune the mechanical properties of 3D alginate-based 
hydrogels using a light-triggered mechanism. This approach is demonstrated to be 
cytocompatible and highly tunable. The system is employed to elucidate the 
morphological response of fibroblasts to stiffening 3D environments. Additionally, the 
platform is translated to an in vivo application of transdermal gel modulation. Finally, the 
phototunable hydrogels are used to evaluate the effect of matrix stiffening on breast 
epithelial cells in a mechanical environment that mimics tumor stiffening. Changes in the 
mechanical properties of the gel induce phenotypic changes to MCF10A epithelial cells, 
including collective cell migration from the mammary acini. This system is broadly 
applicable to the biomaterials community and could shed light on a number of 
outstanding biological questions. 
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Chapter 1: Introduction 
“A model is a lie that helps you see the truth”  
– Howard Skipper 
1.1 IN VIVO CELLULAR MICROENVIRONMENT 
Biomaterial models of the extracellular matrix (ECM) are necessary to gain a 
more in depth understanding of basic biology. In vitro models can be used to elucidate 
mechanisms that are difficult to determine in vivo, either because of the complexity 
involved in controlling and isolating variables in living animals or because of 
technological limitations. Further, biomaterials that mimic the native ECM can be used to 
direct cells for therapeutic purposes. The fields of tissue engineering and regenerative 
medicine rely on biomaterials systems to maintain cell viability, promote stem cell 
differentiation, or stimulate therapeutic paracrine secretion. Ultimately, our 
understanding of cell biology and the advancement of biomaterials are intricately 
coupled. Knowledge gained from cell biology can inform design of biomaterials 
platforms, while advancement of more sophisticated systems allows for new 
investigations of biological hypotheses. For these reasons, biomaterials platforms that 
more accurately resemble the native ECM must be developed. 
In vivo, cells reside in a complex and dynamic microenvironment. Each 
individual cell is in contact with neighboring cells through cell-cell junctions and with the 
ECM through a number of adhesion molecules. The cell is coupled physically through 
receptors and biochemically through signaling molecules in the microenvironment and 
downstream signaling of the bound adhesion sites (1). The cell and its neighbors are 
continuously signaling to one another and dynamically remodeling their 
microenvironment (2). This complex scenario represents the most simplistic situation 
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found physiologically and does not account for major events that alter the homeostasis 
such as wound healing, tumor development, or myocardial infarction. Yet, it remains 
exceedingly challenging to develop accurate and predictive recapitulations of even the 
most simplistic in vivo scenarios, much less complex disease models. However, major 
advances are being made in the biomaterials field to generate more realistic and 
predictive model systems (3). 
The composition and organization of the ECM must be well understood before 
attempts to create engineered ECM-equivalents are undertaken. The ECM is primarily 
composed of two classes of macromolecules, fibrous proteins and polysaccharides (4). 
The most abundant protein in the ECM is collagen, of which 28 distinct types have been 
discovered. The majority of collagen in the body is type I collagen, which forms a linear, 
triple helical fibril (5). These fibrils can aggregate into large fiber bundles to provide 
tensile strength to the ECM. Elastin, fibronectin, and laminin are also primary 
components of the ECM and function to provide elasticity, cell adhesion, and basal 
support to epithelial cells respectively. Glycosaminoglycans (GAGs) constitute the main 
polysaccharide component of the ECM. GAGs are unbranched chains of disaccharides 
units. GAGs are very negatively charged as they are highly decorated with sulfate and 
carboxylate groups. The negative charges attract cations like Na+ and thus water through 
osmosis. This effect, combined with an inherent hydrophilicity, causes a GAG network to 
be highly hydrated. GAGs form gels even at low concentrations, and the large amount of 
incompressible water provides good compressive resistance. As a composite of protein 
fibers and the GAG network, the ECM is structured to be robust to physical 
deformations. Protein fibers act as cables to resist tensile deformations, while the GAG 
network provides resistance to compressive forces. The proportion of specific proteins 
and polysaccharides largely dictates the mechanical properties of the tissue. For example, 
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the high tensile strength of tendon is produced by highly organized collagen fiber 
bundles, while cartilage’s great compressive strength is imparted by the high proportion 
of hydrated GAGs. Cells are responsible for maintaining and remodeling the ECM, and 
therefore play an active role in regulating tissue mechanical properties. Interestingly, 
cells are also highly influenced by the mechanical properties of the ECM; establishing a 
dynamic reciprocity between cells and the ECM.  
1.2 BIOPHYSICAL CUES INFLUENCE CELLS 
1.2.1 Cell phenotype is regulated by matrix stiffness through mechanotransduction 
Biochemical signaling has been thoroughly investigating since the advent of in 
vitro biology. Relatively recently, biophysical cues have been recognized to be as 
important in dictating cellular phenotype. Much of the seminal work has been borne out 
of novel biomaterials systems to investigate how cells interpret biophysical signals, such 
as shear stress or matrix stiffness. Early work established that cells are capable of 
mechanosensing, or feeling the stiffness of the substrate on which they are plated (6). 
These studies showed that many phenotypic traits of the cells such as morphology, 
migration, and proliferation were regulated, at least in part, by the stiffness of the 
underlying substrate (6-9). The cells adhere to the substrates through membrane bound 
receptors that recognize peptide sequences in ECM proteins, which are attached to the 
substrate of interest. These membrane-bound receptors belong to four families, integrins, 
cadherins, selectins, and immunoglobulin-like cell adhesion molecules (10). Of these 
receptors, integrin binding and signaling has been extensively studied and is best 
understood (11). Upon binding to an adhesion peptide, intracellular mechanotransduction 
proteins aggregate at the cytoplasmic integrin domain and are activated (12). Integrins are 
linked to the actin cytoskeletal network through talin, vinculin, and other adapter proteins 
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and thus, the cell is able to generate tension against the adhesive ligand by actomyosin 
contraction (13). The cell is able to sense the stiffness of the substrate by the amount of 
traction force it generates during this process. Cells can alter the number of integrin 
binding sites and can cluster integrins at specific sites to form focal adhesions or focal 
complexes (14). These sites mature through a complex but well-established signaling 
cascade and are involved in a number of potent signaling pathways (14). Cellular 
mechanotransduction will be discussed in more detail in Chapter 3, but it is important to 
note the strong influence that sensation of substrate stiffness has on cellular phenotype. 
Fibroblasts (and later other cells) have been shown to spread more on stiff substrates, as 
they are able to generate more tension throughout the cell body (6, 15). Cells migrate 
faster on stiff substrates, and migrate toward stiffer regions of a gradient; a phenomenon 
known as durotaxis (16).  
1.2.2 Matrix stiffness directs stem cell fate 
In addition to dictating cell shape and locomotion, substrate stiffness has been 
shown to dictate stem cell lineage commitment. Engler et al. demonstrated that 
mesenchymal stem cells (MSC) differentiate toward cell types that mimic that stiffness of 
the substrate on which they are seeded (17). Soft substrates, similar in stiffness to brain 
tissue (0.1-1 kPa) drove differentiation toward neural cell types, while intermediate (8-17 
kPa) and stiff (25-40 kPa) substrates promoted myogenic and osteogenic differentiation 
respectively. This result is particularly intriguing because of the potential use in 
designing tissue engineering scaffolds to direct stem cell differentiation based on material 
properties. Later, similar investigations with different progenitors cell sources revealed 
similar, and in some cases very specific, differentiation programs based on substrate 
stiffness (18, 19). Soft substrates also appear to be essential for maintaining multipotency 
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in a population of progenitors cells (20). When cultured on stiff substrates, these cells 
typically establish a lineage commitment. In the physiological context, this result is 
intriguing as stem cells are generally found in soft microenvironments, such as bone 
marrow, adipose tissue, and dental pulp (21-23). Due to this foundational work, substrate 
or matrix stiffness is generally considered in the context of every new biomaterial report.  
1.3 NECESSITY OF THREE-DIMENSIONAL MODELS 
It is important to note that most of the seminal reports on cellular 
mechanotransduction were performed in two-dimensional experimental contexts (6, 15). 
In these experiments, a substrate with variable stiffness, usually polyacrylamide, is 
polymerized to the desired stiffness. Adhesion proteins or peptides are conjugated to the 
surface of these substrates for the cells to bind. While much has been gained from this 
reductionist approach, it does a poor job of recapitulating the in vivo cellular 
microenvironment for several reasons (24). First, the cells are adherent to only one plane, 
a geometry almost never seen in vivo (the exceptions include a subset of epithelial cells, 
and even in these cases a simplified system does not replicate the true biophysical 
environment). The cells are forced to adopt a polarized morphology in which one side of 
the cell is adherent while the other is free and exposed to culture media. Cell-cell 
contacts, if they exist, are maintained only in a thin perimeter shared by neighboring 
cells. Secondly, these 2D gel systems generally have a uniform distribution of a singular 
adhesion peptide or protein. In vivo microenvironments, on the contrary, have varied 
protein composition and differential spacing of ligands. Ligand density and distribution 
are known to play a major role in mechanosensing (25, 26). For instance, the 
morphological response of a cell to substrate stiffness is a function of the concentration of 
ligands on the surface (25). The relationship between cell spreading and ligand density 
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generally increases to a maximum and then decreases moderately (25). The relationship 
is non-linear, dependent on stiffness, and varies for different cell types. These complex 
relationships can be determined in simplified 2D geometries with one adhesive ligand 
species relatively easily, but scaling up to 3D environments with dozens of proteins that 
are being dynamically remodeled is not realistic given our current understanding and 
technology. Nonetheless, advances in cell biology and biomaterials are enabling an 
increase in knowledge of how cells interact with their microenvironment in realistic in 
vivo-like situations.  
In order to more accurately recapitulate the in vivo microenvironment, three-
dimensional platforms are necessary. Hydrogels, which are crosslinked networks of 
polymer chains swollen in water, are well-suited for use as ECM mimicking systems as 
they can be made with similar mechanical properties, such as stiffness and viscoelasticity 
to native tissues, have network pore size and crosslinking densities close to protein 
networks, and are well hydrated (27, 28). Most hydrogel properties are dictated primarily 
by the network crosslink density (ρ), including the gel modulus (eq. 1), swelling ratio (eq. 
2), diffusion of solutes (eq. 3) (29, 30). Thus, the ability to tune or control crosslink 
density is sought after by biomaterials scientists in all material systems. 𝐺 = 𝑅𝑇𝜌!𝑄!!/!                       (1) 𝑄 =   𝜌!!!/! !!!!!!!! !/!             (2) 𝐷 =   𝐷! 1−    !!! 𝑒 !! !!!!  !!    (3) 
1.4 HYDROGEL DESIGN STRATEGIES 
Hydrogels were initially designed to simply maintain cellular viability. 
Biomaterials researchers worked to establish polymer systems and crosslinking 
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chemistries that would be compatible with cell culture. Many of these early systems 
relied upon natural polymers, especially proteins, that could be reconstituted and gelled 
either through enzymatic crosslinking (fibrinogen to fibrin), or temperature and/or pH 
switching (Matrigel, collagen) (31). These protein-based gels are excellent for replicating 
the native ECM as they form a network of protein fibers very similar to the in vivo 
environment. Additionally, they present recognizable adhesion ligands and degradable 
peptide sequences for cell interactions. However, there are a few drawbacks, most 
notably the lack of control, tunability, and consistency of various properties such as 
stiffness, degradation, and pore size (31). Further, there are issues associated with 
purification and immunogenicity of proteins derived from animal or human tissue. 
Recombinant proteins are being developed in many cases to resolve some of these issues 
(32). However, in light of challenges associated with natural protein gels, bioengineers 
began to develop synthetic, engineered hydrogels as alternatives. In many cases, control 
of the systems can be increased while still accurately replicating essential features of the 
in vivo microenvironment (33). 
The first engineered networks incorporated proteins or biologically relevant 
peptide sequences into synthetic polymer networks. One common platform used for this 
is polyethylene glycol diacrylate (PEGDA), which can be gelled via photopolymerization 
(34). Briefly, a photoinitiator is exposed to ultraviolet light to produce a free radical and 
induce radical polymerization of the PEGDA chains. Multiarm PEG chains are used to 
generate a crosslinked network of polymer chains (35). The PEG chains can be modified 
with peptide sequences to promote cell adhesion or degradation to incorporate biological 
functionality (36, 37). Much of this early work was pioneered in the Hubbell laboratory, 
and has since been expanded to incorporate adhesion sequences derived from fibronectin 
(RGD, KQAGDV, REDV, PHSRN), laminin (YIGSR, LGRIPG, IKVAV, PDGSR, LRE, 
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LRGDN, IKLLI), collagen (DGEA, GFOGER), and elastin (VAPG) (38). Enzymatically 
degradable sequences for collagenase (GPQG_IAGQ, GPQB_IWGQ, APG_L, L_GPA), 
plasmin (YK_NRD, VR_N) and elastase (AAPV_RGGG, AAAAAAA) have been 
incorporated into PEG hydrogel backbones to allow for cell-mediated degradation and 
migration (38). Hydrogels such as these that were engineered to allow for cellular 
interactions provided avenues for novel inquiries into how cells sense and respond to 
their microenvironments. However, in these systems, the cells, and not the researcher 
govern interaction with and degradation of the matrix. Later, more advance hydrogels 
were developed to allow for directed environmental manipulations or modulations, which 
will be discussed in the next section. 
1.5 DYNAMIC HYDROGELS 
1.5.1 Dynamic biochemical hydrogels 
In an effort to more closely mimic the dynamic microenvironment in which cells 
reside in vivo, researchers have sought to engineer temporal tunability into hydrogel 
systems. Primarily, these efforts have been dedicated toward developing either dynamic 
biochemical or biophysical cues. The West lab demonstrated both spatial and temporal 
control of RGD peptide conjugation using a PEGDA gel platform (39). The gel chemistry 
was engineered to leave a small fraction of reactive groups available after gelation. RGD 
sequences linked to an acryl-PEG chain could be swelled into the gels at a particular 
timepoint and selectively exposed to light to couple the peptide to the gel network. This 
light-based approach is advantageous because of the spatial resolution that can be 
achieved by optical or photomasking techniques. Using similar concepts, others have 
coupled full proteins within agarose gels using caged thiols and maleimide chemistry 
(40), and click chemistry to couple peptides, proteins, or small molecules with excellent 
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spatial resolution via multiphoton excitation (41-43). Notably, the click chemistry 
techniques are biocompatible and can be performed in the presence of cells, which is the 
ultimate goal for dynamic hydrogel systems. One concern with these dynamic 
biochemical techniques is that the protein or peptide of interest most be swollen into the 
gel at very high concentrations temporarily to couple them to the network. The proteins 
can be sufficiently washed out, but even brief exposures to high concentrations of growth 
factors can have significant impacts of cell fate and phenotype. New strategies to achieve 
spatial and temporal control of biochemical cues without universal saturation are needed, 
perhaps by delivering molecules that are inaccessible to cells before desired in vesicles. 
1.5.2 Dynamic biophysical hydrogels 
1.5.2.1 Hydrogel softening through passive degradation 
Strategies to temporally modulate hydrogel biophysical properties must ultimately 
introduce or remove crosslinks from the hydrogel network. Degradation, either hydrolytic 
or enzymatic, was the first manifestation of dynamic modulation of gel mechanical 
properties (29). As the gels are degraded, they are inherently more compliant, due to the 
decreased crosslinking density. Initially, hydrogel degradation was simply a byproduct of 
using protein-based gels, but was later exploited by engineering hydrolytic sequences in 
the backbone of a PEG-based network. For instance, polylactic acid (PLA)-PEG-PLA 
monomers could be crosslinked together. Over time, the PLA units would hydrolyze, 
resulting in a controlled degradation of the gels (44). This approach was applied to other 
polymers and has been extensively studied to develop kinetic models of degradation (45, 
46). However, the degradation rate must be determined a priori and is not tunable after 
the initial gelation event. For this reason, researchers sought a greater degree of control of 
hydrogel degradation.  
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Enzyme cleavable peptide sequences are one alternative to hydrolytically 
degradable units. These peptide sequences can be designed with relatively good 
specificity for enzymes of interest (collagenase, plasmin, matrix metalloproteinases, etc.) 
and allow for dynamic cellular interaction with the hydrogel network (37, 38). These 
networks more closely resemble the protein networks seen by cells in vivo, as the 
hydrogel chains must be either degraded or deformed for cell growth or migration. 
Additionally, the rate of degradation is dictated by cells, unlike hydrolytically degradable 
systems that must be tuned a priori for a particular rate. 
1.5.2.2 Dynamic softening through photocleavage 
A more recent strategy that allows for a greater degree of control for the 
experimenter is to employ light to soften hydrogels. The Anseth group introduced this 
novel concept with an engineered PEG-based hydrogel platform that incorporated 
photolabile groups within the hydrogel network (47). Upon irradiation with UV or visible 
light, the groups cleave, resulting in a decrease in crosslinking density and thus a more 
compliant gel. Supreme temporal control was demonstrated with both continuous and 
intermittent exposure. Additionally, this technique is amenable to multiphoton excitation, 
making possible the modulation of gel stiffness with fine resolution in three dimensions. 
Finally, the ability to tune the gel mechanics in the presence of cells allowed the group to 
demonstrate the dynamic nature of cellular mechanosensing in myofibroblast 
differentiation (48, 49) and stem cell mechanical memory (50). 
1.5.2.3 Dynamic stiffening through kinetically slow crosslinking 
Physiologically, matrix stiffening occurs in a number of important processes and 
diseases including wound healing, fibrosis, tumor progression, and atherosclerosis. Until 
very recently, there were no hydrogel platforms that could be dynamically stiffened over 
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time to mimic these physiological events. Dynamic stiffening requires a system that will 
introduce additional crosslinks within an existing network, which is a challenging design 
parameter. In order to introduce new crosslinks, new polymer chains, monomers or 
crosslinkers must be introduced to the gel in situ. Given the small pore size of many 
systems and the cytotoxicity associated with many monomers and initiators, especially 
photoinitiators, these strategies are not tractable in the presence of cells. However, a few 
promising platforms have emerged recently and much work is devoted toward this goal 
by the hydrogel biomaterials community currently. 
During development, tissue stiffness changes greatly as cell remodel that ECM 
toward developing tissues. For example, the developing myocardium undergoes a 9-fold 
increase in stiffness. The Engler group has developed a hydrogel platform to mimic both 
the timing and magnitude of change in the developing myocardium and used this system 
to evaluate the effects on differentiation toward mature cardiomyocytes compared to a 
static gel control (51). The system is based on thiolated hyaluronic acid and PEGDA, 
which results in a kinetically slow Michael-type addition. The reaction kinetics could be 
tuned to accelerate or slow down the stiffening rate, and the initial and final moduli could 
be tuned based on the component ratios. For the formulation that most closely mimics 
myocardial development, the group saw an increase in mature cardiac markers and 
aligned myofibrils. This finding demonstrates the importance of mimicking temporal 
stiffness with hydrogel platforms, and other groups are developing strategies to increase 
control and stiffness range of stiffening hydrogels. 
1.5.2.4 Dynamic stiffening through light-triggered secondary crosslinking 
One promising strategy is to use light to trigger additional hydrogel crosslinking, 
which would allow for precise spatial and temporal tuning. The Burdick lab has 
 12 
developed such a system that allows for secondary, light-triggered crosslinking in the 
presence of cells (52). Hyaluronic acid (HA) was modified with methacrylate (Me) 
groups, which can react with either thiols or free radicals to crosslink the network. The 
primary hydrogel network was formed by mixing the MeHA solution with dithiothreitol 
(DTT), resulting in a uniformly crosslinked hydrogel. At a later time, a photoinitiator 
could be swollen into the network and exposed to UV light to crosslink any remaining, 
unreacted methacrylate groups. Using this strategy, gels could be stiffened from an initial 
storage modulus of ~80 Pa to a final G’ of ~1000 Pa. MSCs were shown to differentially 
differentiate based on the timing of stiffening. Stiffening that occurred within the first 3 
days of culture promoted osteogenic differentiation, while stiffening at day 7 produced 
nearly equal number of adipogenic and osteogenic cells; suggesting that substrate 
stiffness and timing are essential to directing cell fate. Future work must be aimed at 
developing hydrogel platforms, either with existing platform or novel strategies, to 
incorporate temporal stiffness modulation, especially the ability to stiffen. 
1.6 OVERVIEW 
In this work, we will present a novel strategy to modulate the stiffness of 3D 
alginate hydrogels with light, and explore the utility of this platform in several 
applications. Chapter 2 will present the platform technology, which consists of alginate as 
the hydrogel base polymer, temperature-sensitive liposomes encapsulating calcium ions, 
and gold nanorods to convert light to heat. All together, the gold nanorods are excited by 
a near-infrared laser which cause a phase transition in the lipid bilayer, releasing calcium 
into the alginate network to increase the crosslinking density and thus stiffness. The 
chapter will present optimization and characterization of the system components and 
proof-of-concept experiments of light triggered release. Temporal stiffening and 
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softening of 3D hydrogels will be demonstrated, and spatial localization of the technique 
will be presented. In chapter 3, the cytocompatibility of this system will be presented. 
This platform will be employed to investigate the change in fibroblast morphology in 3D 
stiffening microenvironments. Additionally, the system will be translated to a transdermal 
application to show the potential for stiffness modulation in vivo. Chapter 4 will present a 
disease-specific application by employing the in vitro stiffening system to investigate the 
effects of matrix stiffening on breast epithelial cells. The hypothesis that matrix stiffening 
that occurs during tumor development can itself contribute to disease progression will be 
explored by stiffening the microenvironment around MCF10A cells and evaluating any 
phenotypic changes toward malignancy. Chapter 5 will summarize the presented research 
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Chapter 2: Hydrogel Photo-Tuning via Near Infrared Light 
2.1 INTRODUCTION 
2.1.1 Engineering goals for dynamic hydrogels 
The ideal hydrogel platform for dynamically modulating hydrogel stiffness would 
allow for changes in stiffness over a wide range of time periods, magnitudes, and with 
excellent spatial control. This system would also alter stiffness independently of other 
factors that influence cells, such as ligand density or protein concentration. The ability to 
remotely induce a stiffness change in a cytocompatible manner is also necessary. Finally, 
it would be beneficial to design a dynamic system with physically crosslinked polymer 
networks, as these are more representative of the native ECM than covalently crosslinked 
gels. While much progress has been made in developing dynamic hydrogel over the last 
several years, the current platforms all fail to meet these criteria at one or more points. In 
particular, the current systems all rely on covalent crosslinking to form the initial gel and 
to induce secondary crosslinking, in the case of stiffening systems. Cells interact 
differently in physically, rather than covalently crosslinked gels, especially with regard to 
mechanotransduction. For example, matrix stiffness regulates stem cell fate in 3D 
physically crosslinked gels (1), while cell fate has been shown to be completely 
independent of matrix stiffness in covalently crosslinked systems (2). Since the native 
ECM is better represented by physically crosslinked networks, we aim to develop a 
dynamic platform using physically crosslinked alginate hydrogels. 
2.1.2 Alginate hydrogels 
Alginate is a naturally derived anionic polymer that has been used in numerous 
biomedical applications because of its biocompatibility, low cost, and simple gelation (3). 
It is a linear copolymer of (1,4)-linked β-D-mannuronate (M) and α-L-guluronate (G) 
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residues. Consecutive G-blocks are able to form crosslinks with divalent cations, causing 
the alginate solution to gel (Fig. 2.1B) (4). The ratio of mannuronate to guluronate 
residues (M/G) significantly affects the properties of a crosslinked alginate gel. 
Additionally, the polymer molecular weight and related viscosity influence the 
mechanical properties of these gels. Alginate has been used as a biomaterial for cell 
encapsulation since at least 1981 (5) and in humans for over 20 years (6, 7). In vivo 
studies have demonstrated that alginate has outstanding cytocompatibility and low 
immunogenicity. Alginate disks have been implanted in vivo and maintained their 
geometry and mechanical properties for up to 3 months (8). Alginate gels can dissolve 
through ion exchange, though this effect is diminished greatly with high-G content 
alginates and in the presence of solutions containing physiological concentrations of 
calcium ions (8). When purified, alginate has been shown to induce no foreign body 
reaction when implanted into mammals (9). Further, alginate is currently used in FDA 
approved products or in clinical trials for islet encapsulation, stem cell delivery, bone 
void fillers, urinary stent coatings, lung sealants, and adhesion barriers (10). 
Alginate is crosslinked by physical interactions of negatively charged groups on 
the alginate chain with positively charged divalent ions. This interaction causes two 
neighboring alginate chains to become ionically bound to one another. With increasing 
concentration of divalent cations, more of these crosslinks are formed and the stiffness of 
the resulting hydrogel is increased (3). The physical crosslinks are also readily reversible 
by chelation of divalent ions from the alginate crosslinks (4). These two properties, 
concentration dependent stiffness and crosslink reversibility, make alginate an ideal 
candidate for developing a temporally dynamic hydrogel platform. Essentially, if the 
presentation of divalent ions or chelators can be temporally controlled, the gel stiffness 
will also fall under this control mechanism.  
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Another feature of alginate that makes it well suited for dynamic stiffness 
modulation is that it is inert to cellular interactions. Alginate does not possess any cell 
binding domains, and mammalian cells do not express alginase, the enzyme that degrades 
alginate (3, 11). This provides bioengineers a blank slate that can be readily modified to 
fit the experimental parameters desired. Adhesion peptides, such as RGD or YIGSR, 
have been conjugated to alginates chains to provide sites for cell anchorage, allowing for 
investigations of specific binding domains (11, 12). Alginate has also been blended with 
adhesion proteins, like fibronectin (13), or matrix fiber forming proteins, like collagen I 
(14, 15) or Matrigel (16). In both cases, ligand density can be varied by altering the 
concentration of peptides or proteins, while matrix stiffness is independently held 
constant with the divalent cation concentration. Likewise, matrix stiffness can be varied 
with calcium concentration while adhesion ligand density is held constant. The ability to 
independently tuned these variables in well controlled experiments is not possible with 
other natural hydrogel systems, where ligand density and stiffness are both functions of 
protein concentration. Systems have been designed to independently study the effect of 
matrix stiffness and ligand density on stem cell differentiation and epithelial cell 
phenotypic conversion and invasion in alginate-based gels (1, 16).  Both properties 
independently contribute to cell fate decisions in stem cells and emergence of a malignant 
phenotype in normal breast epithelial cells, and are likely influential in many cellular 
processes. The use of alginate-based gels to independently isolate these effects will 
provide a greater understanding of cellular mechanotransduction. Additionally, calcium 
release systems could be developed to explore the influence of matrix stiffness and ligand 
density under dynamic control. We intend to demonstrate the utility such as strategy here. 
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2.1.3 Liposomes for dynamic systems 
The approach we have chosen relies on light-triggered calcium release from 
temperature-sensitive liposomes. Liposomes are self-assembled vesicles composed of 
phospholipid bilayers. The observation that phospholipids undergo bilayer formation in 
aqueous solutions was first reported by Bangham in 1964 (17, 18). Since this discovery, 
liposomes have been widely employed as drug delivery vehicles due to their 
biocompatibility, amphiphilic nature (to carry hydrophobic and/or hydrophilic 
molecules), and improved circulation time compared to free drugs (19, 20). Liposomes 
can be formed as small as tens of nanometers, or as large as tens of micrometers (21, 22). 
They can have a single lipid bilayer, termed unilamellar, or have dozens of concentric 
bilayers; or multilamellar (23). Conjugation chemistry allows for modification of the 
bilayer properties; for instance, attaching a PEG group to deter macrophage uptake or 
increase circulation time in vivo (24).  Most importantly for this work, liposomes can be 
developed to release their cargo upon exposure to light, which provides supreme spatial 
and temporal control of biomolecules. 
Light-triggered liposomal release most generally utilizes photons to alter the 
structure or properties of the lipid bilayer, either directly or indirectly through an 
intermediary agent. Broadly, these light-triggered release techniques can be categorized 
as either photochemical or photophysical in nature (25). Photochemical release utilizes 
energy delivered by light exposure to induce a chemical change in the lipid bilayer. The 
change could be isomerization of a molecule embedded in the bilayer that alters the 
bilayer structure upon conformational change (26), cleavage of an amphipathic molecule 
to separate bilayer entities by polarity (27), or polymerization to destabilize the bilayer 
(28). Photochemical techniques require high energies to induce chemical changes and 
thus generally rely on UV light (25). Exposure to UV is not ideal for biological 
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applications because of its toxicity and low penetration depth, and a near infrared 
alternative is desired. 
Photophysical release mechanisms can be designed for use with near infrared 
light, and thus more attractive than UV triggered methods. These approaches utilize 
absorbers that convert light to thermal energy, and induce changes in bilayer diffusive 
properties or mechanically disrupt the membrane (25). Molecular absorbers can be 
encapsulated in the aqueous compartment or embedded in the lipid bilayer to generate 
heat upon irradiation (29). Alternatively, plasmon resonant gold nanoparticles can be 
used to achieve the same effect more efficiently (30). In either case, the thermal energy 
causes a phase transition of the lipids in the bilayer from an impermeable gel phase to a 
fluid phase, which has a higher permeability. This concept was demonstrated by 
embedding or tethering gold nanoparticles to a lipid bilayer and triggering release via 
irradiation (31). Each species of phospholipid has a specific transition temperature that 
increases with increasing hydrocarbon tail length, and is significantly higher for saturated 
than unsaturated lipids. Dipalmitoylphosphatidylcholine (DPPC) has a phase transition at 
41oC, and is often used for biological applications since it is slightly higher than 
physiological temperature.  
Interestingly, plasmon resonant gold nanoparticles can also be used to cause 
liposomal release via light without significant thermal heating. The Zasadzinski 
laboratory first demonstrated that membrane disruption via cavitation could be induced 
by pulsed laser irradiation of hollow gold nanoshells (32). The overall bulk temperature 
of the solution increased by less than 1oC during irradiation, as the thermal energy 
generate was sufficiently dissipated between laser pulses. The group confirmed that 
cavitation pressure was responsible for releases by irradiating with a continuous wave 
laser and observing no liposomal release. Thus, using plasmon resonant gold 
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nanoparticles with liposomes affords researchers two routes to triggered release; heat-
induced increase in permeability or mechanical disruption of the vesicle. These routes are 
tunable based on the gold nanoparticle geometry (sphere, rod, shell, etc), proximity to the 
lipid bilayer, and irradiation source (continuous wave or pulsed laser).  
Our strategy relies upon liposomes encapsulating gold nanorods to trigger vesicle 
release upon NIR irradiation, and calcium or chelators to modulate the crosslinking 
density of alginate gels. Previous work has demonstrated the ability to encapsulate and 
release divalent cations within liposomes. As early as 1977, O’Brien and colleagues 
incorporated rhodopsin into a lipid membrane and observed an increase in permeability 
of Mn2+, Co2+, and Eu3+ through the membrane upon exposure to light (28). 
Foundationally to our approach, Messersmith and coworkers were able to encapsulate 
calcium within temperature-sensitive vesicles (33, 34). The vesicles were composed of a 
majority DPPC and a variable fraction of DMPC to alter the melting temperature. The 
liposomes were shown to be metastable in a supersaturated solution of calcium phosphate 
due to the separation of the membrane. By increasing the temperature above the transition 
point, calcium was released and inorganic calcium phosphate was formed. Later, these 
temperature-sensitive liposomes were used to cause gelation of calcium-dependent 
hydrogel precursors (35, 36). The group demonstrated that after mixing the liposomes 
with an alginate solution at room temperature, no gelation occurs and the liposomes were 
stable for several days. By increasing the temperature, gelation occurred rapidly as 
calcium was released from the vesicles. Additionally, gelation through cleavage of 
fibrinogen to fibrin was induced by activating a Ca2+-dependent enzyme, FXIII (35). 
Smith et al. developed a photosensitive liposomes within which calcium can be entrapped 
and released upon exposure to UV light via isomerization of the lipid tails (36, 37). Using 
this liposome system, the group demonstrated light-triggered gelation of alginate. 
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Viability of 3T3 fibroblasts was maintained during irradiation and gelation, and cells that 
were exposed to UV grew normally when recovered and plated on tissue culture plastic. 
In summary, prior work has established that calcium can be stably incorporated into lipid 
vesicles in sufficient concentrations to generate hydrogel formation. Increases in bilayer 
permeability through the gel-to-fluid phase-transition can provide a route for Ca2+ release. 
Our hypothesis is that combining these liposome advances with gold nanoparticle 
triggered liposome release would allow remotely triggered, temporal modulation of gel 
stiffness. 
2.1.4 Chapter Overview 
In this chapter, we will demonstrate stable loading and light-triggered release of 
calcium via gold nanorod induced permeabilization of DPPC liposomes. Using this 
calcium release platform, we induce light-triggered gelation of alginate, and more 
significantly, light-triggered modulation of 3D gel stiffness. By replacing CaCl2 in the 
liposomes with a potent calcium chelator, DTPA, we show that alginate gels can be 
dynamically softened as well. This process is stable over time and highly tunable based 
on loading, liposome concentration, and irradiation time. Finally, we demonstrate the 
ability to spatially confine the stiffened gel regions using photolithographic techniques. 
2.2 MATERIALS AND METHODS 
2.2.1 Gold nanorod synthesis 
Gold nanorods were synthesized by the seed-mediated growth mechanism. Cetyl 
trimethylammonium bromide (CTAB, 200 mM) was mixed with an equal volume of 
HAuCl4 (0.5 mM) and stirred. Cold NaBH4 (10 mM) was mixed into the solution at 6% 
v/v and stirred vigorously for 2 minutes, resulting in the seed solution. The growth 
solution was prepared by mixing 5 mL of CTAB with 200 μ AgNO3 (4 mM), 5 mL of  
 28 
HAuCl4 (1 mM), and 70 μl of ascorbic acid (78.8 mM). The solution was mixed well at 
30oC. The seed solution was added (12 μl) to the growth solution and stirred for 2 hours. 
The gold nanorods were washed by centrifuging at 18,000 g for 45 minutes, rinsed in 
deionized water, and centrifuged again. 
2.2.2 Liposome synthesis 
1,2-dihexadecanoyl-sn-glycero-3-phosphocholine (DPPC, 50 mg) was dissolved 
in chloroform at 25 mg/ml in a round bottom flask. The chloroform was evaporated on a 
rotary evaporator to produce a lipid cake, which was stored in a desiccator overnight. The 
lipid cake was hydrated with 2 ml deionized water at 55oC under rotation to yield 
multilamellar vesicles (MLV). The MLVs were sonicated for 30 minutes at 55oC to form 
small unilamellar vesicles. Ethanol (4 M) was added to the SUV suspension to induce 
interdigitation of the lipid bilayer (38). The lipid sheets were centrifuged twice at 3000 g 
for 10 minutes and washed in deionized water to remove the ethanol. The pellet of lipid 
sheets was resuspended in the desired loading solution containing 5% gold nanorods and 
either 500 mM CaCl2 or 500 mM DTPA. The solution was incubated for 2 hours at 55oC 
with intermittent mixing to produce interdigitation fusion vesicles (IFV). After cooling, 
the IFVs were centrifuged 5 times at 200 g for 10 minutes to remove all the 
unencapsulated gold nanorods and CaCl2 or DTPA. 
2.2.3 Alginate Gels 
Pronova UP MVG sodium alginate was dissolved in HEPES buffered 300 mM 
NaCl to 4% w/v. Uniformly crosslinked alginate gels were made using insoluble CaCO3 
as a calcium source, and glucono-δ-lactone (GdL), which hydrolyzes upon dissolution in 
water to release calcium ions (39). Gels were made from 10 mM CaCO3 up to 30 mM 
CaCO3 depending on the desired initial stiffness of the gel. The molar concentration of 
 29 
GdL was always twice that of CaCO3 to maintain a neutral pH. Liposomes were included 
at 20% of the volume of the gel unless otherwise stated within the experimental context. 
Gels for rheometry were formed by pipetting the alginate solution into 8 mm 
polydimethyl siloxane (PDMS) molds. After gelation, the gels were transferred to a 24 
well plate and allowed to swell in 1 ml DPBS at least overnight.  
2.2.4 Rheometry 
Oscillatory shear stress rheometry was performed using an Anton-Paar MCR101 
rheometer with an 8 mm parallel plate geometry. The gels were compressed until the 
entire surface of the measurement tool was covered. Excess gel was trimmed from the 
perimeter of the tool with a spatula to ensure uniform gel geometries. Frequency and 
amplitude sweeps (0.1 to 100 Hz, 0.1 to 10% strain) were performed to identify the linear 
viscoelastic regime, and all data was collected within those bounds. The storage modulus 
was reported in the text at 1.81 Hz and 1% strain for all samples. 
2.2.5 Quantification of calcium loading and release 
Arsenazo III was dissolved in 300 mM NaCl buffered with HEPES at 100 μM and 
used to determine the calcium concentration. CaCl2-loaded liposomes were mixed in 
equal volume with 5% Triton-X-100 to lyse the vesicles or 300 mM NaCl as a control. 1 
μl of this solution was mixed with 199 μl of arsenazo III in a 96-well plate. The 
absorbance was measured at 655 nm and a standard curve of CaCl2 was used to quantify 
the release of calcium. The liposome suspension that was lysed with detergent was 
considered 100% release for comparisons with irradiated samples.  
2.2.6 Quantification of DTPA loading and release 
Arsenazo III was dissolved in 300 mM NaCl with HEPES buffer. DTPA 
liposomes were mixed in equal volume with either 5% Triton-X-100 or 300 mM NaCl 
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buffer. In a 96-well plate, 198 μl of arsenazo III solution was mixed with 1 μl of 20 mM 
CaCl2  and 1 μl of the liposome solution or 1 μl of a DTPA standard. The absorbance was 
measured at 655 nm and the concentration of DTPA loaded was determined by 
comparison with a standard curve of a range of DTPA concentrations. 
2.2.7 Transmission electron microscopy  
Carbon coated copper 300 mesh grids were glow dischared then dipped into a 
solution of gold nanorods. The grids were removed and allowed to air dry. An FEI Tecnai 
transmission electron microscope with an AMT Advantage HR 1kx1k digital camera was 
used to image the gold nanorods. 
2.2.8 Laser irradiation 
An 808 nm continuous wave (CW) laser (Laser Lab Components, Inc., 1.4 W) 
was used to irradiate all the samples. The light was emitted from a 600 µm optical fiber. 
For 8 mm gels for rheometry, the fluence rate was 1.78 W/cm2. The gels were irradiated 
for up to 5 minutes and placed into DPBS at least overnight before performing 
rheometry. For stiffness gradients, the laser spot size was increased to generate an 
intensity gradient spanning 1 mm to 3 mm. For stiffness patterning experiments, the light 
was focused using a plano-convex lens (Thorlabs LMR05). A motorized stage (Thorlabs 
Z825B) was used to translate a 3D gel slab through the beam at 0.05 mm/s.  
2.2.9 Atomic force microscopy 
The local stiffness of gels was assessed using an Asylum Research MFP-3D 
atomic force microscope (AFM). A cantilever with a nominal spring constant of 0.08 
N/m and 10 µm borosilicate bead attached to the end was used to indent the samples. The 
exact spring constant was determined by thermal calibration. The gels were indented at 
500 nm/s with a trigger force of 11 nN. The probe was translated across the gel, with 
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indentations performed every 100-200 µm. At each indentation location, 10-15 force 
curves were obtained. The elastic modulus was determined using the Hertz model for a 
sphere (Eq. 1).  𝐹 =   43𝐸𝑅!!𝑑!! 
The applied force depends on the elastic modulus of the substrate (E), the radius 
of the indenting sphere (R), and the distance of indentation (d). The Poisson’s ratio was 
assumed to be 0.5 since the hydrogels are predominantly composed of incompressible 
water. 
2.2.10 Statistical Analysis 
Data are presented as mean ± s.d. JMP 10 statistics software was used to analyze 
the data. Statistical significance was determined using either the Student’s t test for 
comparisons between two groups, or a one-way ANOVA with post-hoc Tukey’s HSD 
test for multiple comparisons. P values of less than 0.05 were considered significant. 
2.3 RESULTS AND DISCUSSION 
2.3.1 Liposome Characterization 
The overall scheme of the dynamic phototunable hydrogel system relies upon 
three critical components, (i) alginate, a biopolymer that crosslinks in the presence of 
divalent cations, (ii) temperature sensitive liposomes that encapsulate calcium and (iii) 
gold nanorods, which induce heating upon irradiation with NIR light (Fig. 2A,B). DPPC 
has a gel-to-fluid phase transition temperature of 41oC. Below 41oC, a DPPC bilayer will 
be impermeable to calcium cations; however, above this temperature this bilayer will 
adopt a fluid phase and allow diffusion of calcium across the membrane. Gold nanorods 
undergo surface plasmon resonance when irradiated near the absorption peak and this 
energy is given off as heat locally. Thus, the gold nanorods can be used as a light-
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triggering agent so that upon irradiation with NIR light, the DPPC bilayer can be heated 
past the transition temperature and release calcium. In the presence of alginate, the 
calcium release will result in an increase in crosslinking density of the polymer chains, 
either inducing gelation of a solution or an increase in stiffness of a pre-formed gel. 
Liposomes were formed using an adaptation of the interdigitation fusion (IF) 
methods (38) because this process forms for large, unilamellar vesicles within which gold 
nanorods can be encapsulated. Relatively large vesicles (greater than 1 μm) were 
desirable because the loading efficiency per lipid is high due to the large volume to 
surface area ratio. Additionally, the dimensions of the gold nanorods are approximately 
15 x 55 nm, which makes passively loading them into smaller vesicles more unlikely.  
Multilamellar vesicles (MLV) were formed from a DPPC lipid cake and sonicated 
to small unilamellar vesicles (SUV). Ethanol was added to the SUV suspension to induce 
interdigitation of the lipid bilayer. Interdigitation occurs when ethanol displaces water at 
the bilayer surface, and due to the larger size of ethanol, causes lateral shifting of the lipid 
head groups and interdigitation of the lipid tails. In this confirmation, it is not 
energetically favorable for the lipid bilayer to be bent into a tight radius of curvature of 
the SUV. Thus, the vesicles break apart and form large interdigitated lipid sheets. After 
removing the ethanol through centrifugation and heating the lipid sheets above the 
transition temperature, the sheets will form into large unilamellar vesicles, encapsulating 
the loading solution. In this manner, gold nanorods can be incorporated into these 
vesicles by suspending them in the heated loading solution. 
The concentration of CaCl2 during the loading phase was varied between 100 mM 
and 1 M to determine the optimal concentration. At 500 mM, the vesicles were found to 
be loaded with 56 mM CaCl2 assessed with arsenazo III (Fig. 2.2). At this concentration, 
the only 2% of the calcium was leaked from the vesicle after incubation in DPBS 
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overnight (Fig. 2.2). Upon irradiation, 98% of the loaded calcium was released, 
indicating a highly efficient mechanism for stiffening hydrogels. 
2.3.2 Gold nanorod characterization 
The absorbance spectrum of the gold nanorods depends on the aspect ratio (40). 
The absorption peaks of the gold nanorods used in these experiments were between 735 
and 790 nm (Fig. 2.3a). Transmission electron microscopy images of the gold nanorods 
shows the average size is 56 x 15 nm (Fig. 2.3b). A solution of the gold nanorods was 
irradiated with an 808 nm CW laser and the solution temperature was monitored with an 
IR camera. Irradiation induced a rapid temperature increase that closely follows the 
Arrhenius relation (Fig. 2.4). 
2.3.3 Light-triggered gelation and stiffening 
As a proof of concept to establish that calcium-loaded liposomes can be used to 
modulate the stiffness of alginate gels, the liposomes were mixed with an uncrosslinked 
alginate solution. Upon irradiation, calcium was released from the liposomes and induced 
gelation of the alginate solution (Fig. 2.5). Rheometry was performed on the resulting 
gel, showing a storage modulus of 554 Pa, significantly higher than the unirradiated 
solution (Fig. 2.5). This demonstrates the ability for light-triggered gelation of alginate 
via liposomal release of calcium. Prior work has demonstrated similar light-triggered 
alginate gelation by three distinct modes; (1) photochemical liposome release (41), light 
induced pH decrease to solubilize CaCO3 via photoacid generator (42), or through 
photosensitive calcium caging molecules DM-nitrophen (43) or nitr-T (44). 
Unfortunately, DM-nitrophen is prohibitively expensive for bulk hydrogel studies and is 
relegated to microfluidic applications. Nitr-T is relatively less expensive, but still relies 
on UV light for activation and has not been demonstrate to be cytocompatible. More 
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importantly for our purposes, it does not lend itself to dynamic, temporal stiffness 
modulations that we are seeking to explore. The reduction of pH by photoacid generators 
will likely not be well tolerated by cells, and these molecules also rely on UV light to 
trigger gelation.  The strategy presented here for remote-triggered calcium release to gel 
alginate addresses the limitations that have hampered previous work through the 
introduction of a NIR light triggering agent and a depot of high concentrations of 
calcium. 
2.3.4 Dynamic stiffening of 3D hydrogels 
We sought to utilize this system to not only induce gelation of alginate, but also 
dynamically modulate the gel stiffness with NIR light. Relatively compliant (91 Pa) three 
dimensional alginate hydrogels were formed in PDMS molds. Liposomes were included 
in the gels at 20% by volume. The gels were irradiated for various times up to 5 minutes 
and rheometry was perfomed after overnight swelling in DPBS (Fig. 2.6A). Irradiation of 
the gels caused a significant increase in storage modulus over unirradiated controls, 
which increased monotonically with irradiation time (Fig. 2.6B). The observed net 
change in storage modulus was 1108 Pa, which is spans the range seen in many fibrotic 
diseases (1-4 kPa change in elastic modulus). Further, by increasing the initial calcium 
present in the gels, and thus the initial stiffness, we observed an even greater net change 
in storage modulus upon irradiation. Gels formed with 20 mM or 30 mM CaCO3 initial 
yielded significant increases in storage modulus of over 1500 Pa and 2500 Pa 
respectively upon irradiation (Fig. 2.6C).  
Liposomes were loaded with NaCl and gold nanorods as a control to ensure 
increases in storage modulus were attributable only to calcium release from liposomes. 
Gels were formed with 20% NaCl-loaded liposomes and irradiated for up to 5 minutes. 
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We observed no increase in storage modulus over any irradiation time. Further, the 
stiffening effect is dependent on the concentration of liposomes present in the system. 
Gels were made with 5, 10, or 20% CaCl2-loaded liposomes and irradiated for up to 3 
minutes. In all cases, significant increases in storage modulus were observed. The net 
change in storage modulus increased with increasing liposome concentration from 276 to 
1069 to 2389 Pa for 5, 10, and 20% liposome volume fraction respectively (Fig. 2.7). 
For applications in 3D cell culture, there is a need to stiffen the gels at later 
timepoints to mimic physiological or pathological timelines. To demonstrate this 
capability, gels were made with CaCl2 loaded liposomes (20% v/v) and incubated in 
DPBS for up to 7 days. The gels were irradiated after 1, 3, or 7 days and allowed to swell 
to equilibrium. Rheometry was performed to determine the resulting storage modulus of 
the gels. At all time points, the gels were significantly stiffer than unirradiated controls 
(Fig. 2.8A). The stiffening response does appear slightly diminished at day 7, though the 
irradiated gel stiffness is not significantly different than the other irradiation time points. 
Additionally, we demonstrated the ability to perform multistep stiffening by irradiating 
gels each day over the course of 3 days (Fig. 2.8B). The gels that were irradiated on all 
three days were stiffer than gels that were irradiated only on Day 1 or Days 1 and 2. All 
the irradiated gels were stiffer than controls that were not irradiated. This result indicates 
that this system is suitable for use in 3D cell culture applications that require stiffening at 
later time points. 
2.3.5 Dynamic softening of 3D hydrogels 
Alginate crosslinks, which are physical interactions between negatively charged 
guluronic acid regions and positively charged divalent cations, are inherently reversible. 
Crosslink reversibility is not common among popular hydrogel base polymers, but can be 
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particularly useful for dynamic systems. Chelators will compete for divalent cations with 
the alginate polymer chains, resulting in a decrease in crosslinking density and ultimately 
a softer gel. This phenomenon has been used previously to extract cells from alginate gels 
or beads (4). We hypothesized that loading a chelator into liposomes in place of calcium, 
and releasing it in a 3D alginate gel could result in a reduction of the gel storage modulus, 
or softening (Fig. 2.9A).  
Liposomes loaded with DTPA were mixed with alginate to form 3D gels and 
irradiated, the storage modulus decreased, as expected (Fig. 2.9B). The storage modulus 
monotically decreased with increasing irradiation time, similar to the results with calcium 
release. The overall change in storage modulus seen here was muted compared to the 
results for stiffening via calcium release. This is likely due to competition for calcium 
from both the chelator and the alginate chains. For example, every calcium ion that is 
released from the liposomes in stiffening experiments is bound by alginate chains and 
contributes to an increase in crosslinking density. However, not every DTPA molecule is 
able to bind a calcium ion, as there is a competitive equilibrium with alginate. 
Additionally, DTPA is a much larger molecule (393 Da) than calcium, which may 
prevent diffusion through the lipid bilayer. Yet, these changes are still substantial on a 
cellular mechanotransduction scale, and changes of this magnitude are reported for 
pathological complications, making this suitable for modeling dynamical ECM. 
Others have reported dynamic hydrogel softening in three-dimensional PEG 
systems that rely on photolabile groups to cleave upon UV irradiation (45). Several 
interesting results have been demonstrated with these dynamic gels, in both 2D and 3D, 
such as redirection of myofibroblasts to a dormant phenotype (46, 47) and very recently 
the presence of mechanical memory in stem cells (48). Since temporal softening 
hydrogels exist to explore relevant phenomenon, and because many interesting 
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pathologies involve temporal stiffening, for which there are no ideal systems, the focus of 
this dissertation will be primarily applied to stiffening hydrogels. 
2.3.6 Spatial Stiffening  
One unique advantage of using light-based techniques to modulate hydrogels is 
that light intensity can be easily profiled or patterned using a number of established 
optical techniques. Compared to other triggering modalities such as temperature or pH 
changes which occur globally throughout a gel, light can be focused to a particular region 
or across a gradient in a well control with theoretical resolution approaching the 
diffraction limit.  
To capitalize on this advantageous, alginate gel slabs with CaCl2-loaded 
liposomes were formed in PDMS molds. An approximation of a linear intensity gradient 
was created by using half of the laser beam output from the optical fiber, which is emitted 
in a Gaussian distribution. This gradient could be made more steep or shallow by varying 
the distance from the fiber source, as the beam diverges. Two gradients were formed with 
lengths of 1 mm and 3 mm, which would correlate to a full beam spot size of 2 mm and 6 
mm respectively (Fig. 2.10A). An X-Y motorized stage was used to translate the gel slab 
through the intensity gradient at 0.05 mm/s. After irradiation, the gel stiffness was 
determined with AFM indentation. The elastic modulus of the gels increased from a 
relatively compliant 2 kPa outside of the intensity gradient to a maximum of over 20 kPa 
at the gradient peak (Fig. 2.10B). The slope of the stiffness increase trended with the 
slope of the intensity gradients as expected.  
The light could also be focused to a small spot to local modulate the gel stiffness. 
This capability was demonstrated by translating gel slabs through a small, focused laser 
beam and probing the gel with AFM indentation (Fig. 2.11A). The gels were very 
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uniform in stiffness outside of the irradiated regions, with a large increase in stiffness in 
the irradiated region (Fig. 2.11B). These peaks within the irradiated regions closely 
resemble a narrow Gaussian distribution as expected from the fiber optic source. The 
resolution with this technique is approximately 500 μm based on the full-width half-max 
of the stiffness peaks. While this is certainly an improvement on global gel changes 
present in other triggered systems, it is not yet approaching the length scales over which a 
cell would sense a local change (~100 μm) (49). 
2.4 CONCLUSIONS 
We have developed a novel, photo-tunable 3D hydrogel cell culture system 
capable of modulating hydrogel stiffness both temporally and spatially. This system relies 
on three critical components; alginate, temperature sensitive liposomes, and gold 
nanorods. Similar designs to release calcium from liposomes with temperature or pH 
triggers (35) have been designed to cause gelation of alginate. Additionally, others have 
developed caged-calcium entities that are photo-cleavable, allowed for light-triggered 
alginate gelation (43). However, these molecules are cost-prohibitive on the bulk scale 
and are only suitable for microfluidic applications. Finally, the use of gold nanoparticles 
and NIR light to trigger release from liposomes has been thoroughly explored, 
particularly for release of therapeutic molecules. However, to our knowledge this is the 
first unification of these advances into a system to generate light-triggered alginate 
stiffening. Further, it is the first hydrogel stiffening system that allows for tunability over 
time, over physiological and pathological stiffness ranges, and with spatial tunability.  
Additionally, by using the same hydrogel system, but replacing CaCl2 with 
DTPA, 3D hydrogels can be softening upon irradiation with NIR light. While others have 
developed softening hydrogel systems previously, this is the first demonstration of a 
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bidirectionally tunable system. This feature is important for making accurate and robust 
comparisons in 3D hydrogel microenvironments, as the hydrogel platform can be 
maintained for either stiffening or softening experiments. Cell behavior is known to vary 
to a great extent between different hydrogel materials, especially between natural and 
synthetic polymers. Thus, conclusions drawn from softening experiments performed with 
PEG-based systems may not be seen with natural polymers such as alginate. However, 
using the same alginate system to perform both stiffening and softening experiments 
would provide greater confidence that the observed phenomenon is driven by matrix 






















Figure 2.1: Mechanism for light-triggered release from liposomes. (A) Schmatic 
of temperature-sensitive liposome loaded with gold nanorods and 
CaCl2. Upon irradiation, gold nanorods heat the lipid bilayer past its 
transition temperature, allowing calcium to diffuse out. (B) 
Irradiation of liposomes mixed with an alginate solution causes 
release of calcium and an increase in crosslinking density. 
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Figure 2.2: Calcium loading and release. Arsenazo III absorbance 
spectrum for unirradiated (green) and irradiated liposomes 
(blue), and arsenazo III alone (black dots). Upon irradiation, 
calcium is release and results in a peak at 655 nm. 
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Figure 2.3: (A) Transmission electron micrograph of gold nanorods. Scale 
bar represents 200 nm. (B) Absorbance spectrum of gold 
nanorods, demonstrating the narrow peak in the NIR region. 




Figure 2.4: Temperature profile for gold nanorods in solution 
duration irradiation with an 808 nm CW laser at 1.78 
W/cm2. The arrow marks the time at which the 
irradiation was initiated. The temperature was 
monitored with an infrared camera. 
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Figure 2.5: Light-triggered gelation of alginate. (A) Rheometry of a solution of 
alginate and calcium-loaded liposomes (20%). Irradiation causes 
calcium to be released and gel the alginate solution (red markers). 
Solutions that were not irradiated remained viscous solutions (black 
markers). (B) Photograph of alginate gel formed by NIR irradiation. 
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Figure 2.6: Light-triggered modulation of 3D alginate gels. (A) Schematic of 
3D alginate gel with calcium loaded liposomes distributed 
throughout. (B) Irradiation induces release of calcium to stiffen the 
gels as a function of irradiation time. (C) Stiffening rate can be 
tuned based on initial gel stiffness. 
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Figure 2.7: Stiffening rate depends on liposome concentration. Both 
the stiffening rate and magnitude of stiffening increase 




Figure 2.8: Longitudinal stiffening of 3D gels. (A) Alginate gels with 
calcium-loaded liposomes were irradiated after 1, 3, or 7 days. 
The irradiated gels were significantly stiffer than controls that 
were not irradiated across all timepoints. (B) Alginate gels were 
irradiated once, twice, or three times in 1 day intervals. Gel 
stiffness increases with the number of irradiations, 
demonstrating multi-step stiffening. 
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Figure 2.9: 3D alginate gel softening by chelation. (A) Schematic of 
loading and release of DTPA from liposomes in 3D 
alginate gels. (B) Storage modulus decreases with 
increasing irradiation time due to chelation from gel 
crosslinks by DTPA. 
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Figure 2.10: Stiffness gradients formed in initially uniform gels. 
(A) Schematic of gradient generation from an initially 
soft gel by formation of an intensity gradient of light. 
(B) Elastic moduli measured by AFM indentation of 
the resulting stiffness gradients. Steep (green) or 
shallow (black) stiffness gradients can be formed 




Figure 2.11: Stiffened regions formed from initially soft gels. (A) Schematic 
of lithographic patterning of stiffness. (B) Stiff regions in areas 
exposed to light were formed in an initially soft gel. Elastic 
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Chapter 3: In Vitro and In Vivo Applications of Dynamic Photo-Tuning 
3.1 INTRODUCTION 
3.1.1 Mechanotransduction 
Mechanotransduction is most generally defined as the conversion of a mechanical 
force to a biochemical signal (1). Cells are able to sense external physical forces through 
transmembrane receptors, such as integrin, cadherins, selectins, amongst many others (2). 
Integrins, which bind to extracellular matrix (ECM) proteins, are the best understood of 
these receptors. Integrins are heterodimers composed of an α subunit and a β subunit. To 
date, eighteen different α subunits and eight different β subunits have been found, 
combining to form at least 24 unique integrins (3). Different integrin subunit 
combinations are specific for unique peptide sequences found on various ECM proteins. 
The β1 subunit is known to bind a to a variety of proteins including collagens, laminins, 
fibronectin and vitronectin (4). However, the β4 subunit is specific to laminin and 
generally only found on epithelial cells, which interact with a laminin-rich basement 
membrane (5). Through protein specific binding, the cell is able to activate appropriate 
signaling pathways based on the proteins it contacts within the ECM. 
While the extracellular integrin domain binds ECM proteins, the intracellular 
domain is linked to the cellular cytoskeleton. The cytoskeleton is a network of 
polymerized filaments, formed from protein monomers that can be tensed or compressed. 
The cytoskeleton functions to transmit and generate forces across the cell, connect 
intracellular elements to extracellular proteins and neighboring cells, and finally to 
spatially organize the cell and maintain its shape (6). Actin microfilaments, microtubules, 
and intermediate filaments are the primary elements of the cytoskeleton, and function in 
separate but interrelated manners. Actin microfilaments are composed of monomers of 
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the globular protein, actin, which are polymerized into a linear filament. Actin filaments 
can be rapidly polymerized or depolymerized to allow the cell to quickly remodel its 
cytoskeleton in response to a stimulus (7). Tension can be generated across actin 
filaments by contraction of motor proteins like myosin (8). Actin filament elongation is 
involved in a multitude of cellular processes, including locomotion, anchorage, 
endocytosis, and cytokinesis (9, 10). Microtubules are much stiffer polymers than actin 
and can form long, linear filaments (6). Tubulin is polymerized into protofilaments, 13 of 
which adopt a helical conformation with a hollow center to form the microtubule. 
Microtubules are used as pathways for movement of intracellular vesicles and are highly 
involved in organization for cell division (11, 12). Finally, intermediate filaments are 
made up of many types of filament proteins that all share similarities, namely high 
extensibility and ability to crosslink to actin filaments and microtubules (6). Keratins and 
neurofilaments are two common families of cytoplasmic intermediate filaments, while 
lamins are a family of nuclear intermediate filaments. Intermediate filament function 
varies depending on the type, but generally they form networks to resist or respond to 
mechanical force, usually in concert with other cytoskeletal elements (13) .  
From a mechanical standpoint, it has been proposed that the cellular cytoskeleton 
is arranged according to the structural principle of tensegrity, introduced to the biological 
field by Donald Ingber (1). Tensegrity refers to the balance of stress within a system of 
compressed struts and tensioned cables. In the case of the cell, microfilaments apply 
tension that is resisted in compression by microtubules. Tensegrity is seen across the 
length scales of biological systems, including the musculoskeletal system, organs, tissues, 
cells membranes, cytoskeletal networks, subcellular organelles, nuclei, mitotic spindles, 
vesicles, viruses, and proteins (14). Due to this arrangement in the cytoskeleton in 
particular, physical forces that are applied locally at a single integrin can be transmitted 
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throughout the cell globally, to neighboring cells, or to the ECM (15, 16). As an example, 
mitochondria in endothelial cells associate with microtubules. Strain on the cell 
membrane is transmitted to the mitochondria through the microtubule, which results in 
release of reactive oxygen species and activation of NF- κB and VCAM1 (17).  
Transmembrane receptors, like integrins, are linked to the cytoskeleton through 
numerous signaling and adapter proteins. The signaling pathways from transmembrane 
mechanoreceptors are usually quite complex, multifaceted, dynamic, and force-
dependent, making it difficult to fully understand how cells interpret physical forces. 
Nevertheless, a basic understanding of many of the signaling events has been distilled 
from much research in this area across a wide array of physical and life science fields. As 
an example, upon integrin binding to an ECM protein, talin, an adapter protein, bind the 
cytoplasmic integrin tail. Talin anchors the integrin directly to the actin cytoskeleton, and 
if sufficient tension is generated across talin, binding domains for vinculin are exposed 
(18, 19). Vinculin binds to talin and actin filaments, and is involved in focal adhesion 
maturation (20). Paxillin can also bind the cytoplasmic integrin tail, and can be bound by 
several proteins including vinculin, crk, and tyrosine kinases such as Src and FAK (21). 
Integrin binding also activates RhoGTPases through guanine nucleotide exchange factors 
(GEFs) (22). RhoA has been shown to phosphorylate ROCK, which in turn acts on LIM 
kinase to phosphorylate and deactivate actin depolymerizing cofilin, thus indirectly 
stabilizing actin filaments (20). Activated ROCK also phosphorylates myosin light chain 
which contributes to increased cellular contractility (23). RhoA can activate mDia1, 
which is known to promote nucleation and elongation of unbranched actin filaments 
necessary for stress fiber formation (24). Thus, even in simplified reductionist systems, 
care must be taken when interpreting observations in mechanotransduction. Further 
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adding to the complexity is variety of platforms on or in which cells are cultured for these 
studies, all of which differ in significant ways from the in vivo environment. 
While it is clear that transmembrane receptors linked to the cellular cytoskeleton 
can transduce force and even influence signaling pathways, it is not immediately evident 
how this process regulates gene expression. Often, classical biochemical pathways are 
initiated through activation of proteins like extracellular signaling related kinase (ERK), 
which then activate transcription factors like p53, STAT1, MYC, or NF-κB (25-28). 
However, recently evidence has emerged that suggests a direct, mechanically coupling 
from the ECM to nuclear chromatin, which is regulated by tensegrity principles. Force is 
transmitted through the integrins and cytoskeleton to the nuclear membrane, where 
lamins transfer the force to change chromatin conformation or influence the activity of 
DNA remodeling enzymes (25, 29). Physical force can also effect histone acetylation and 
methylation through alteration of the enzyme histone deacetylase (30). While the exact 
mechanisms underlying these observations is yet to be revealed, it is clear that physical 
forces can regulate gene expression through modulation of DNA itself, or a remodeling 
enzyme. 
2.1.2 Necessity of 3D hydrogel models 
A broad knowledge base of general principles of mechanotransduction has been 
built primarily by utilizing 2D substrates with variable elastic moduli. These 2D models 
are quite useful for addressing basic biological questions, such as how cells interact with 
and transduce signal from adhering to a particular ligand of interest. However, as 
discussed previously, there are serious limitations to using static 2D models to study 
dynamic, 3D biology. As more studies are performed in 3D environments that more 
closely mimic in vivo physiology, it is becoming apparent that phenomena that occur in 
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2D models do not always translate to 3D. Unfortunately, it appears that sometimes, 
information gained from simple 2D models may not be relevant to real-world scenarios, 
or worse, that events in 3D actually contradict what would be expected from 2D model 
systems.  
As an example of how studies in 2D systems may not yield physiologically 
meaningful results, consider the morphologic response of cells to a range of matrix 
stiffness. Pelham and Wang first established that cells spread more on stiff substrates and 
adopt rounded morphologies on softer substrates (31).  This result has been replicated 
with a multitude of cell types, substrates, and adhesion molecules, and is conventional 
wisdom within the biomaterials field. Recently, several groups have shown that this 
relationship between cell shape and stiffness does not always hold in 3D gels however. 
Using alginate mixed with collagen I, da Cunha and coworkers formed gels in which the 
matrix stiffness could be varied with calcium sulfate concentration without influencing 
the collagen crosslinking density (32). Fibroblasts cultured in soft gels (50 Pa) elongated 
within the matrix, while cells in stiff gels (1200 Pa) remained rounded. Even in the 
presence of RGD-adhesion sequences on the alginate chains, the fibroblasts remained 
rounded in the stiff gels. A similar alginate-collagen I composite gel was used by Gillette 
et al to dynamically crosslink or de-crosslink the alginate by addition of calcium or 
chelators across a membrane. Fibroblasts in crosslinked gels remained rounded, but upon 
chelation to remove crosslinks, the cells formed elongations and were able to migrate. 
This behavior could be halted by addition of CaCl2 to re-crosslink the alginate. While 
stiffness was not implicated directly by the authors, crosslinking density would correlate 
directly with gel stiffness. In these two studies, cells actually spread more in the soft gels 
and remain rounded in the stiff gels; exactly the opposite response that is observed on 2D 
substrates.  
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Stem cell differentiation in biomaterials environments is also an area that has been 
intensely investigated over the last decade. Work from the Discher laboratory showed 
that adult mesenchymal stem cells (MSCs) differentiated toward lineages that matched 
the stiffness of the underlying substrate (33). Collagen I coated polyacrylamide gels with 
elastic moduli between 0.1 and 40 kPa were used as cell culture substrates. MSCs 
cultured on soft substrates (0.1-1 kPa) differentiated toward neurogenic lineages, toward 
myogenic lineages on intermediately stiff substrates (8-17 kPa), and toward osteogenic 
lineages on stiff substrates (25-40 kPa). MSC morphology was also regulated by 
stiffness. On soft substrates, MSCs adopted highly branched morphologies reminiscent of 
neurons, while myoblast-like spindles were formed on intermediate substrates and highly 
spread osteoblast-like morphologies were observed on the stiffest substrates. The simple, 
yet elegant proposition that stem cell differentiation in vivo might be driven by the 
microenvironment it resides in spurred intense effort in nearly all biomaterials arenas to 
direct stem cell fate with microenvironmental cues. 
The influence of stiffness on stem cell differentiation in 3D gels was investigated 
using a similar experimental design. The Mooney lab constructed RGD-conjugated 
alginate gels with elastic moduli ranging from 2.5 to 110 kPa. As expected, MSCs seeded 
within these gels differentiated toward adipocytes in soft gels (2.5 – 5 kPa) and 
osteoblasts in stiffer gels (11 – 30 kPa), though gels stiffer than 30 kPa were less 
effective at driving osteogenic differentiation (34). Interestingly, cell morphology was 
unchanged throughout the spectrum of elasticity. The cells remained rounded regardless 
of the gel stiffness or fate decision. Based on these experiments, it appears that stem cells 
are able to probe the mechanical properties of their microenvironment based on 
presentation of adhesion ligands and the ability to apply traction force. In addition to 
stiffness, dimensionality, and ligand presentation, recent evidence demonstrates that gel 
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crosslinking properties and degradability are also critical regulators of matrix-induced 
stem cell differentiation. In covalently crosslinked hyaluronic acid (HA) gels with 
stiffness from 4.4 to 92 kPa, the Burdick lab observed no changes in stem cell 
differentiation with respect to stiffness (35). The cells differentiated toward adipocytes 
and remained rounded regardless of the stiffness of the gel. When degradation sites were 
incorporated into these gels, osteogenesis was induced even in gels with low moduli (4.4 
kPa), demonstrating that, at least in 3D covalently crosslinked hydrogels, degradation-
mediated traction force was the primary driver in differentiation over gel stiffness. The 
group designed a secondary crosslinking chain to sterically block the degradation sites 
that could be introduced immediately or at later timepoints. They show the immediate 
blockage of the degradation site prevents cell elongation and osteogenesis, and promotes 
rounded morphologies and adipogenesis. Interestingly, if degradation is blocked after 7 
days, when the cells have already adopted an elongated morphology, adipogenic 
differentiation is still favored but cell shape remains elongated. Thus, depending on the 
presentation of degradation sites, both adipocytes and osteocytes could be generated with 
either elongated or rounded morphologies, all in gels with relatively low stiffness. In 
other words, at least for this covalently crosslinked hydrogel, neither gel stiffness nor cell 
morphology is predictive of stem cell fate. Clearly, as a field we have much to learn 
about how cells interact with their microenvironments. It is only through development of 
novel cell culture platforms that more closely mimic the native ECM that we can come to 
more fully understand mechanotransduction. 
3.1.3 Hydrogels to study temporal biology 
One area where progress has been made through advancements in hydrogel 
technology is in understanding how cells temporally interpret dynamic stiffness. The 
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Anseth lab developed a photocleavable PEG-based hydrogel that could be softened upon 
UV irradiation (36). The dynamic platform was used to explore the effects of substrate 
(2D) stiffness on valvular interstitial cell activation to myofibroblasts. Kloxin and 
coworkers demonstrated that VICs are activated to myofibroblasts on stiff substrates, but 
can be deactivated by softening the substrate modulus (37, 38). Later work demonstrated 
that the deactivation could be detected in gene signatures as soon as six hours after 
softening (39). This dynamic hydrogel platform was also used to investigate the effects of 
stiffness of previous substrates on stem cells, known as mechanical memory. Yang and 
colleagues found that long term culture of MSCs on tissue culture plastic biases the cells 
toward osteogenic lineages (40). When cultured on 10 kPa gels that were softened to 2 
kPa, the cells exhibited different responses depending on the length of time they were 
cultured on the stiffer substrate. YAP/TAZ and RUNX2 expression were increased on 10 
kPa gels, but could be fully reduced if the modulus was decreased after 1 day. If the 
softening occurred after 5 days, a partial reversion was observed, while softening after 10 
days had no effect. Thus, stem cells appear to have a memory of previous physical 
microenvironments that can carry over into new environment, depending on the length of 
time and magnitude of stiffness of the first environment. In light of recent work with stem 
cells differentiation in 3D gels, it would be interesting to investigate this phenomenon in 
more representative 3D environments. Additionally, the capability to dynamic stiffen the 
microenvironment would allow for many more experiments to be conducted in this vein. 
As stem cells typically reside in soft microenvironments like bone marrow or adipose 
tissue, and migrate to stiffer environments for differentiation, stiffening gels may be a 
more realistic scenario for applications as well.  
 66 
3.1.4 Hydrogels for in vivo use 
Hydrogels are widely used in vivo for cell and drug delivery, cell encapsulation, 
and tissue engineering scaffolds, and many have reached widespread clinical use (41, 42). 
Hydrogels are beneficial for cell delivery applications because they protect the cells from 
harsh, inflammatory wound environments. The cells are able to assist in wound healing 
through paracrine secretion of soluble factors, and can migrate out of the gel to interact at 
the wound site. Pancreatic islets have been encapsulated in hydrogels to produce insulin 
in patients with type 1 diabetes mellitus for up to 10 months without immunosuppression 
(43). Drug delivery through hydrogel matrices can be finely controlled, and many clinical 
products employ this strategy for drug delivery up to several months (44). While there 
has been much success from the use of hydrogels in vivo, there are still opportunities for 
improvement in development of injectable therapies, remote control of hydrogel 
properties, and development of tissue engineering scaffolds.  
3.1.6 Injectable hydrogels 
There is a clinical need for development of injectable or minimally invasive 
hydrogel platforms for in vivo use. Injectable systems are desirable because of the 
minimal damage done during injection compared to implantation surgery, and because 
they freely flow and gel around physiological structures to provide good adhesion at the 
injection site. Conventional strategies to develop injectable hydrogels generally rely on 
solvent exchange, photopolymerization, and temperature or pH changes (45). In solvent 
exchange systems, a polymer is solubilized in an organic solvent and injected. In the 
body, the solvent is replaced with water, which causes precipitation of the polymer and 
induces gelation. Unfortunately, many organic solvents are known to be toxic, and can 
cause protein denaturation, which limits their usage. Temperature or pH switch methods 
work with polymers that have bimodal hydrogen bonding preferences. For instance, 
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below the lower critical solution temperature (LCST) of a thermogelator, hydrogen 
bonding between water and the polymer chain is energetically favorable. Above the 
LCST temperature though, polymer-polymer interactions are favored over polymer-water 
interactions, and a gel is formed. Many different polymer types have been used for 
injectable hydrogels based on temperature changes, including: polysaccharides such as 
cellulose derivatives, chitosan, and xyloglucan, N-isopropylacrylamide (PNIPAM)-based 
systems such as PNIPAM-co-acrylic acid (AA), and PNIPAM-co-poly ethylene oxide 
(PEO), poloxamer based systems such as PEO-PPO-PEO, and PEO/poly (D,L-lactic 
acid-co-glycolic acid) copolymer systems (45). As described in Chapter 2, Messersmith 
et al developed a temperature-sensitive liposome system to gel alginate above 37oC. 
Additionally, many peptide-based materials have been developed to undergo self-
assembly after injection in vivo, either driven by temperature or pH changes (46). 
3.1.7 Remotely-triggered in vivo hydrogels 
The use of light to remotely trigger gelation is attractive because of its ease of use, 
biocompatibility, and direct control of gelation timing. Light has been used to induce 
gelation of a pre-polymer solution in vivo. Elisseeff et al first demonstrated in situ photo-
polymerization of a PEG-based gel (47). The polymer solution was injected with a photo-
initiator and irradiated with UV light to form a gel. UV light does not penetrate skin with 
high efficiency, however the group was able to transmit enough light to successfully form 
gels loaded with chondrocytes for cartilage regeneration. This study also demonstrated 
the potential for controlled drug release from a photo-polymerized gel system. Others 
have since developed transdermal gelation systems based on similar concepts with UV 
triggered photoinitiators (48). Ideally however, light based systems would be designed 
with photo-initiators or triggering mechanisms that are excited by NIR light wavelengths 
to allow for maximum penetration depth.  
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There is a desire to engineer systems that provide continuous or long-term control 
of gel properties, instead of simply the ability to cause gelation on-demand. Remote 
control strategies have been developed with light, ultrasound, magnetic fields and radio 
waves as in vivo triggering modalities (49-53). Using mitoxantrone-loaded alginate discs, 
Huebsch et al demonstrated remote controlled, high dosage burst releases by temporally 
disrupting alginate crosslinks (53). In vivo, the crosslinks were rapidly reformed by 
calcium present in the vicinity of the gel. The controlled, burst release of drug was more 
effective at killing breast cancer cells in vitro and reducing tumor size and increasing 
survival in vivo than a steadily releasing control gel. 
3.1.8 Near infrared light and the optical window 
Near infrared light is an ideal modality for remote triggering of hydrogel system 
for in vivo applications due to its high penetration depth. Light absorption by tissue 
components is high in the UV and visible spectrum due to strong absorbance of 
hemoglobin, and in the infrared region due to absorption by water. However, the near-
infrared region has relatively low absorption. This region is known as the optical 
window, and is generally defined between 700 nm and 1200 nm (54, 55). Several gold 
nanoparticles, including gold nanorods, have absorption peaks in the optical window and 
make excellent candidates for in vivo applications. Gold nanorods have been used to 
induce cell death of tumor cell via laser irradiation, either through heating of the tissue or 
mechanical disruption (56-58). Gold nanorods have also been used for on-demand 
delivery and release of doxorubicin (59). Liposomes loaded with gold nanorods have also 
been employed in vivo deliver doxorubicin in mice to successfully treat a mouse model 
of glioblastoma (60). Results to date with gold nanorods and near infrared light have 
shown good biocompatibility and low cytotoxicity from the irradiation and presence of 
gold nanorods. Obviously, as irradiation of gold nanorods can be used to induce cell 
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death, the concentration of the gold nanorods in the presence of cells and the irradiation 
dosage must be maintained below a threshold. The Burdick lab has successfully 
employed gold nanorods to trigger gelation in a temperature-sensitive gel while 
maintaining cell viability (61), demonstrating that this is a feasible strategy.  
3.1.9 Chapter overview 
Here, we present a system that utilizes NIR light to modulate the crosslinking 
density and stiffness of alginate gels. This process offers supreme control of gelation 
timing and matrix crosslinking. Matrix stiffness can also be independently tuned with 
constant cell adhesion ligand density. Here, the platform will be used to examine 
morphological changes of 3T3 fibroblasts in 3D dynamic stiffening gels. Additionally, a 
strategy to employ dynamic phototunable hydrogels in vivo will be presented. The 
strategy utilizes NIR light to induce gelation or modulate gel stiffness. To our knowledge, 
this is the first presentation of the ability to tune hydrogel mechanical properties in situ. 
 
3.2 MATERIALS AND METHODS 
3.2.1 Cell culture 
Human mammary epithelial cells (MCF10A) were obtained from American Type 
Culture Collection (ATCC). MCF10A were cultured with DMEM/F12 basal media 
containing 5% horse serum, 20 ng/ml epidermal growth factor, 0.5 mg/ml 
hydrocortisone, 100 ng/ml cholera toxin, 10 µg/ml insulin, and 1% penicillin-
streptomycin (P-S) (62). Media was changed every 2 days and cells were passaged before 
reaching confluency.  
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NIH 3T3 fibroblasts were obtained from ATCC and cultured in DMEM with 10% 
fetal bovine serum, and 1% P-S. Media was changed every 2 days and the cells were 
passaged at 70% confluency. 
3.2.2 3D cell culture 
Pronova UP MVG sodium alginate was dissolved in DPBS to 4% w/v. High 
molecular weight MVG alginate with GRGDS peptide sequences conjugated to the 
polymer chains were purchased and used in a subset of experiments. Uniformly 
crosslinked alginate gels were made using insoluble CaCO3 as a calcium source, and 
glucono-δ-lactone (GdL), which hydrolyzes upon dissolution in water to release calcium 
ions (2) Gels were made from 10 mM CaCO3 up to 40 mM CaCO3 depending on the 
desired initial stiffness of the gel. The molar concentration of GdL was always twice that 
of CaCO3 to maintain a neutral pH. Liposomes were included at 20% of the volume of 
the gel. Cells were mixed with the alginate solution prior to gelation to ensure a uniform 
distribution throughout the gel. Gels were pipetted into chambered coverglasses or well 
plates and allowed to gel at 37oC for 30 minutes. Culture media was then carefully 
pipetted over the gels and changed every other day.  
Matrigel was added to some gels to provide cell adhesion moieties. For these 
studies, Matrigel was mixed with the alginate solution just prior to plating for gelation. 
Matrigel was included at 25% by volume from a stock that ranged from 8.8 to 9.6 mg/ml 
total protein content. The Matrigel was well mixed prior to gelation to ensure uniform 
distribution within the alginate gels. 
3.2.3 Viability assays 
Calcein AM (Life Technologies) was used to assess cell viability and ethidium 
homodimer was used to detect non-viable cells. For microscopy, gels were formed in 8 
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well chambered cover glasses. The gels were irradiated and incubated at 37oC for 24 
hours. Then, the gels were washed 3 times with DPBS followed by incubation in 4 µM 
Calcein AM and 2 μM ethidium homodimer solution for 1 hour at 37oC. The gels were 
rinsed 3 times with DPBS to remove the excess staining solution and fixed with 2% 
formaldehyde for 15 minutes. The gels were imaged on a Leica DM 3000B fluorescent 
microscope equipped with a digital camera. Viability was quantified by counting the 
number of green (live) and red (dead) fluorescently labeled cells as a fraction of the total 
number of cells. A minimum of 200 cells were counted per condition.  
 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS, Promega) was used to assess cell proliferation. The 
assay was first validated with alginate gels of varying cell number. Gels were made in a 
48 well plate with cell concentations from 15,000 to 250,000 cells per mL. After 24 hours 
in culture, the MTS solution was diluted in phenol-red free media to 20% v/v and 
incubated with the gels for 4 hours. The solution was removed and plated in a 96 well 
plate and the absorbance was read at 490 nm. The absorbance increased linearly in cell 
number.  
To assess the effects of irradiation, gels were made in 8 mm diameter PDMS 
molds and transferred into at 24 well plate with media. The gels were irradiated for 
varying times between 0 and 5 minutes. MTS solution was diluted in media to 20% v/v 
and added to the gels 24 hours after irradiation. After 4 hours of incubation, 200 µl of the 
solution was pipetted in triplicate to a 96-well plate. The absorbance was read at 490 nm 
and normalized to control gels that were unirradiated. Two different liposome groups 
were assessed by the MTS assay. First, DPBS loaded liposomes were used to isolate any 
effects of calcium release that may affect viability and focus solely on the effects from 
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the liposomes and heating of the gold nanorods under irradiation. Next, CaCl2-loaded 
liposomes were loaded and irradiated to assess the viability of the system as a whole. 
3.2.4 Effects of stiffening on fibroblast morphology 
3T3 fibroblasts were mixed with alginate solutions prior to gelation. In one 
experiment, Matrigel was used as the cell adhesive moieties, while in another experiment, 
RGD-conjugated alginate was purchased from Novamatrix and used without any cell-
adhesive protein. One day after gelation, the gels were irradiated for 30, 60, or 120 s or 
left unirradiated as soft controls. The cells were allowed to growth for another 3 days in 
the stiffened gels. Phase contrast microscopy images were taken of cells in each stiffness 
group (25-30 images per group). The cell outline was traced in Image J and a best-fit 
ellipse was generated. Cell area, perimeter, aspect ratio, and circularity were calculated 
from the cell trace. Circularity is defined here as the square of the perimeter divided by 
the product of the cell area and 4π. 
Calcein AM was used to stain the cells after the phase-contrast images were 
captured, as described in section 3.2.3. Two photon excitation laser scanning microscopy 
was used to image the 3D gels. The samples were excited at 820 nm with a Spectra 
Physics Mai Tai pulsed laser source. A Prairie View Ultima multiphoton microscopy 
system with a 20X objective was used to capture images. Image J was used to convert the 
image sequences into a Z-projection. 
3.2.5 Transdermal irradiation 
All animal studies were performed on previously euthanized nude mice donated 
from the laboratory of Dr. Stanislav Emelianov. For gelation studies, a 100 µl solution of 
4% alginate (80% v/v) and liposomes (20% v/v) was injected into the dorsal region of the 
mouse. The region was irradiated for 5 minutes. Liposomes without gold nanorods were 
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used as controls. After irradiation, the gels were harvested and rheometry was performed 
to determine the resulting matrix stiffness. The solution containing liposomes without 
gold nanorods never gelled, and thus could not be harvested. In place of these samples, a 
fresh solution of alginate and liposomes was pipetted onto the rheometer plate and tested. 
For transdermal stiffening studies, a solution of alginate, CaCO3, GdL, and 
liposomes was prepared as described in the previous chapter. The solution was injected 
into the dorsal region of the mouse and allowed to gel for 30 minutes. Half of the gels 
were irradiated for 5 minutes, and the remaining gels were used as controls. The gels 
were harvested and stiffness was determined by rheometry. 
3.2.6 Infrared imaging 
To monitor the temperature change during irradiation, an infrared camera (FLIR 
A325sc) was focused on the injection site and video was recorded during irradiation. The 
camera was calibrated with a blackbody calibration source (Mikron M310) over the 
temperature range of interest (15-65oC). The pixel intensity was then converted into 
temperature. The change in temperature at the irradiation site was determined by tracking 
the average pixel intensity of the irradiated region for each image in the video sequence. 
The still frame images were converted to video files in Image J. 
3.2.7 Rheometry of explanted gels 
Oscillatory shear stress rheometry was performed after explantation of the gels  
using an Anton-Paar MCR101 rheometer with an 8 mm parallel plate geometry (1% 
strain, 0.5 – 10 Hz). The strain and frequency range were determined to be within the 
linear viscoelastic range of the gels by amplitude and frequency sweeps from previous 
studies. All host tissue was cleared from the gels before rheometry. Any excess gel was 
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trimmed from the periphery of the measurement tool to ensure consistent gel sizes. The 
storage modulus was reported in the text at 1.81 Hz for all samples. 
3.2.8 Statistical Analysis 
Data are presented as mean ± s.d. JMP 10 statistics software was used to analyze 
the data. Statistical significance was determined using either the Student’s t test for 
comparisons between two groups, or a one-way ANOVA with post-hoc Tukey’s HSD 
test for multiple comparisons. P values of less than 0.05 were considered significant. 
3.3 RESULTS AND DISCUSSION 
3.3.1 Cell viability 
There is a concern for cell viability in this system due to the presence of gold 
nanorods, liposomes, calcium release and heating from irradiation. We sought to assess 
the impact of the gold nanorod loaded liposomes under irradiation in isolation from 
calcium release initially. By replacing CaCl2 in the liposomes with DPBS, there would be 
no negative effects upon release of the liposomal cargo, and any detrimental effects could 
be attributed to either the liposome components or heating. However, we saw no decrease 
in cell viability as assessed by the MTS assay up to 5 minutes of irradiation compared to 
control gels that were not irradiated (Fig. 3.1A). CaCl2-loaded liposomes were then used 
to test the system as a whole, and again, there was no decrease in viability for up to 5 
minutes of irradiation (Fig. 3.1B).  
The MTS assay generally tests cell proliferation globally throughout the gel. To 
look at individual cell viability, the Live/Dead staining assay was used. Cells in gels 
loaded with CaCl2 liposomes that were irradiated showed no significant differences 
compared to unirradiated control gels in terms of percent viability (Fig. 3.2).  
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While an excess of extracellular calcium or heat could be cytotoxic, there was no 
significant decrease in viability in our system. We hypothesize that released calcium is 
bound by G-blocks in alginate chains on such a short timescale that it is not readily 
available to cells, despite the millimolar level of release. Whether calcium signaling 
pathways are perturbed in our system is unknown, and an interesting topic for future 
pursuit.  
The negligible impact of heat in our system is likely due to the fact that the gold 
nanorods locally heat their environment, but the bulk gel temperature does not rise above 
a critical threshold for cell death. In other words, while locally the lipid membrane is 
heated above 41oC to allow for calcium release, the total heat introduced to the system is 
not substantial enough to raise the bulk temperature of the gels to a cytotoxic level. 
Certainly, if irradiation was carried out for an extended duration, the gel temperature 
would rise high enough to cause cell death. In fact, many groups have utilized this feature 
of gold nanorods to induce hyperthermic cell death in tumors (54). 
3.3.2 3T3 fibroblast morphology in stiffening gels 
3T3 fibroblasts were used as a model cell to determine the ability of cells to sense 
and respond to temporal changes in matrix stiffness. Alginate was mixed with Matrigel to 
provide a cell adhesion moiety. The cells were uniformly distributed within the gels in 8-
well chamber slides. The gels were stiffened to various degrees after 24 hours by 
irradiation for 0, 30, 60, or 120 s.  
In unirradiated control gels that were soft throughout the experiment, fibroblasts 
adopted an elongated morphology. However, as the gel stiffness increased, the cells 
became more rounded and less elongated (Fig. 3.3A). The cell perimeter, aspect ratio, 
and circularity all show significant decreases as irradiation time, and thus stiffness, 
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increases compared to unirradiated controls (Fig. 3.3B-E). Calcein AM staining reveals 
that the rounded cells in the stiffened gels are still viable. These morphological changes 
in response to a stiffened matrix are likely the result of a decreased ability of the cell to 
deform and elongate throughout the matrix. However, the exact mechanism through 
which cells exert traction force and sense stiffness in alginate-Matrigel interpenetrating 
networks is not well understood. To allow for a more direct analysis of cell morphology 
in response to stiffening matrices, we performed similar experiments with RGD-
conjugated alginate. 
First, to verify cell adhesion and stiffness sensing in our stiffening gels, 2D RGD-
alginate substrates were formed. These gels were made with 20% CaCl2-loaded 
liposomes. 3T3s seeded on soft RGD-alginate gels had minimal spreading but were 
adherent to the gel. One day after irradiation to stiffen, the cells were spread over a 
significantly larger area than unirradiated control gels (Fig. 3.4). Thus, as seen in many 
other 2D experiments, fibroblasts spread more of stiffer substrates, even when the 
substrate stiffness is changed dynamically. 
Next, 3T3s were seeded within 3D RGD-alginate gels. After 24 hours in the gels, 
irradiation was performed for 0, 30, 60, or 120 s. Elongation was observed in control gels 
that were not irradiated, and similar to the alginate-Matrigel composites, the cells became 
more rounded as irradiation time increased (Fig. 3.5). This indicates that the cells are able 
to dynamically respond to changes in matrix stiffness. At low crosslinking density in 
alginate, the cells are able to deform the matrix by applying traction force to the polymer 
chains to elongate. However, as crosslinking density, and thus stiffness increase, the cells 
are no longer able to deform the network enough to migrate or elongate. It should be 
noted that elongation in this case cannot be the result of cell-mediated degradation of the 
matrix, but simply a remodeling of the alginate network. 
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These results are quite different from the commonly reported response of 
fibroblasts to spread more on stiffer 2D substrates and remain rounded on soft substrates. 
However, we have validated the conventional 2D response here, and others have 
observed similar morphologies of fibroblasts or mesenchymal stem cells in 3D gels that 
are either soft or stiff (i.e. not dynamic) (32, 35). This highlights the need to investigate 
the effects of microenvironmental properties in the most faithful recapitulation of native 
physiology possible, and especially in 3D contexts. Much work has been done to 
establish the relationship between cell phenotype and stiffness on 2D substrates. As the 
field advances into three-dimensional work however, it is unfortunately becoming 
apparent that much of the knowledge gained in 2D may not be of much value in 
understanding in vivo phenomenon.  
3.3.3 Transdermal gelation 
Hydrogels are used in many in vivo applications for drug delivery, wound 
healing, and tissue engineering constructs. A minimally invasive delivery method is 
particularly beneficial for cell delivery, as it prevents mechanical damage (63) and a 
detrimental inflammatory response (64). Light-triggered gelation or modulation would 
allow for excellent temporal and spatial control of the gel properties in vivo, which to 
date remains challenging. Standard hydrogel photo-polymerization techniques employ 
UV or visible light wavelengths, which are highly absorbed by the skin and blood, 
preventing transdermal excitation of the photoinitiator. An optical window exist through 
which light in the near-infrared region can maximally penetrate tissue however, and light 
in these wavelengths has been used for many imaging and therapeutic applications. The 
hydrogel system presented here is particularly well suited for translation to transdermal 
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applications because of its reliance on NIR light to trigger gelation and stiffness 
modulation. 
To demonstrate this utility, a solution of alginate and CaCl2-loaded liposomes was 
injected into the dorsal region of a nude mouse (Fig. 3.6A). The injection site was 
irradiated with an 808 nm CW laser for 5 minutes (Fig. 3.6B). The inclusion of gold 
nanorods in the liposomes resulted in substantial heating of the irradiation site; monitored 
by an IR camera. The temperature increased by over 23oC with gold nanorods compared 
to 12oC in control solutions without gold nanorods after 5 minutes of irradiation (Fig. 3.7, 
3.8). The increase in temperature in the controls is due to non-specific absorption of light 
by the tissue. After just 1 minute of irradiation, the samples containing gold nanorods had 
heated by 15oC, while the controls had increased by just 5oC (Fig. 3.7, 3.8). 
In solutions with gold nanorods, crosslinked gels were formed after irradiation 
(Fig. 3.6C). These gels were explanted from the mouse and rheometry was performed. 
Solutions that did not contain gold nanorods did not form gels and remained viscous 
solutions in the mouse. These solutions could not be recovered for rheometry, and a fresh 
alginate-liposome mixture was tested in place of these samples. The samples containing 
gold nanorods formed gels with a storage modulus of 675 Pa, much higher than the 
viscous solution (31 Pa) of uncrosslinked alginate and liposomes (Fig. 3.9A).  
3.3.4 Transdermal stiffening 
We next assessed the ability to modulate the stiffness of an alginate hydrogel via 
transdermal irradiation. A slow-gelling solution of alginate and CaCl2 and gold nanorod 
loaded liposomes was injected into the dorsal region of a nude mouse again. The 
solutions were allowed to gel for 30 minutes prior to irradiation. Half of the gels were left 
unirradiated as controls, and the other half were irradiated for 5 minutes. The gels were 
explanted and rheometry was performed. The unirradiated gels were moderately 
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crosslinked and had a storage modulus of 797 Pa. After irradiation, the gels were 
stiffened significantly to 2363 Pa (Fig. 3.9B), which is within the range seen in our in 
vitro studies previously reported. To our knowledge, this is the first demonstration of 
transdermal modulation of hydrogel stiffness.  
The capability to modulate stiffness transdermally allows for direct control of 
mechanical properties of hydrogels during in vivo experiments. This technology could 
provide a route to investigate the role and mechanisms of matrix stiffness on tumor 
development and metastasis, which will be discussed further in chapter 5. Many tissue 
engineering constructs are designed to passive obtain particular mechanical properties at 
various timepoints to match new tissue formation. Using our system, the properties of the 
hydrogel could be directly tuned in real time. Additionally, this system could be applied 
in other hydrogel arenas. Drug release is generally a function of crosslinking density and 
irradiating the gel to release calcium could easily modulate release rates of an 
encapsulated solute.   
3.4 CONCLUSIONS 
In this chapter, we sought to demonstrate the applicability of the dynamic photo-
tuning hydrogel system presented in chapter 2 toward in vitro investigations of cellular 
mechanotransduction. Cell morphology with respect to substrate stiffness is well defined 
on 2D gels, however the recent exploration of morphology in 3D has generated 
interesting results that are not well-explained with 2D models. Here, we demonstrate that 
on 2D RGD-conjugated alginate, 3T3 fibroblasts are rounded on soft gels and spread 
after the gels are stiffened, as expected. Interestingly, in 3D gels, the cells were observed 
to elongate in soft matrices, and remain rounded in gels that were stiffened. This result 
was seen in both RGD-conjugated alginate gels and alginate-Matrigel composite gels. 
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Our findings, along with other similar observations of mesenchymal cells in static 3D 
gels, point to a need for new models of cell morphology in 3D matrices. Additionally, it 
is quite likely that the type of gel will influence the degree of elongation observed. 
Further, and similar to findings in 2D, ligand density, type, and tethering are probably 
influential in promoting cell elongation in 3D. Dynamic hydrogel systems like the one 
presented here should be employed to assist in elucidating the mechanisms and driving 
forces for changes to 3D cell morphology. 
We also sought to present a strategy for implementing light-triggered alginate 
gelation and dynamic stiffness modulation in vivo in this chapter. Our approach utilizes 
NIR light, which maximally penetrates tissue and is ideal for in vivo applications. We 
show the ability to form gels from injected alginate solutions via transdermal irradiation, 
which would allow for a minimally invasive mode of delivery for therapeutics or cells. 
Additionally, we demonstrate the capability to modulate gel stiffness transdermally. This 
technology would allow for interesting and previously untestable hypotheses to be 
assessed, such as the contribution of matrix stiffening to tumorigenesis. Modulation of 
gel crosslinking density would also allow for changes to the delivery rate of soluble 
therapeutics entrapped in a gel. Such a system could potentially be used to obtain a 
remote controlled, tunable drug delivery profile for therapeutics that should be 






Figure 3.1: MTS assay for cell viability.  (A) Liposomes loaded with PBS to 
assess the effects of irradiation, heating, and presence of gold 
nanorods on cell viability. No decrease in viability was observed up 
to 5 minutes of irradiation. (B) CaCl2-loaded liposomes also 





Figure 3.2: Live/Dead assay for cell viability. (A) Cells in alginate gels 
loaded with CaCl2-liposomes predominantly stained for calcein 
AM (viable) in control or irradiated gels. (B) Quantification of 
images from Live/Dead staining. No differences were observed 
from the presence of liposomes or irradiation. 
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Figure 3.3: Influence of stiffening on cell morphology. (A) NIH 3T3 fibroblasts were 
encapsulated in alginate gels and increasingly irradiated to induce 
stiffening. After a total of 72 hours, the cells were imaged. (B) Z-
projections of calcein-AM stained cells demonstrate more rounded cells 
in gels that were stiffened by irradiaiton. Scale bar represents 100 µm. 
(C-F) Metrics based on traces of at least 25 cells from each group. Cells 
became more rounded as irradiation time (stiffness) increased. Circularity 
was calculated as P2/4πA and equals 1 for a perfect circle. * indicates 














































Figure 3.4: 2D validation of cellular response to stiffening. (A) 3T3 fibroblasts 
seeded on RGD-alginate gels that were initially soft remain rounded. 
After irradiation to stiffen, the cells spread on the substrates. (B-D) 
Quantification of image traces of 3T3 fibroblasts on 2D stiffening 






Figure 3.5: Morphology of fibroblasts in 3D RGD-alginate gels. 3T3 
fibroblasts elongate in soft matrices, and become increasing 






Figure 3.6:  Transdermal irradiation induces alginate gelation. (A) 
Schematic of minimally invasive injection of alginate solution 
containing CaCl2. (B) Photograph during transdermal 






Figure 3.7: Infrared heatmaps along the timecourse of irradiation show significantly 





Figure 3.8: Temperature profile of the irradiated region over time. The 





Figure 3.9: Rheometry of explanted gels. (A) Irradiated alginate solutions 
form gels, indicated by the increase in storage modulus. (B) 
Soft gels were significantly stiffened after irradiation 
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Chapter 4: Influence of Matrix Stiffening on Mammary Acini 
4.1 INTRODUCTION 
4.1.1 Tumor stiffness 
In many cancers, tumors are much stiffer than the surrounding tissue. Palpation, 
the process of manually examining the body for abnormalities, relies upon the contrast in 
tissue stiffness and is the most basic and predominant screening method in current 
medical practice for tumor detection. Tumor stiffness directly correlates with the stage of 
cancer progression and metastases are more likely to originate from stiff tumors (1). This 
clinical evidence has led researchers to evaluate whether stiff matrices contribute to 
malignant progression or are simply innocuous byproducts of aberrant cell proliferation 
and ECM remodeling mechanisms. In order to address these fundamental questions 
regarding the influence of biophysical factors on tumor initiation and progression, in vitro 
models are needed that reproduce the structure and function of the mammary gland. 
Additionally, these models need to recapitulate the native microenvironment, including 
the temporal stiffening that occurs during tumorigenesis.  
4.1.2 Mammary gland architecture 
The mammary gland is a branching ductal system composed of a single cell layer 
of polarized epithelial cells surrounding a hollow lumen (2). Located on the basal side of 
the epithelial cells are contractile myoepithelial cells. The mammary gland branches 
terminate in alveoli, which is the basic unit of mammary tissue. Around the ducts is the 
intralobular stroma, which is composed of loose connective tissue and a variety of cell 
types including microvasculature, lymph vessels, adipocytes, fibroblasts, and 
inflammatory cells. The bulk of breast tissue is made up of the interstitial stroma, which 
is denser connective tissue than the intralobular stroma. The interstitial stroma contains 
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adipose tissue and ECM and is less cellular than the intralobular stroma. The ECM 
components of each breast tissue component are quite varied. The basement membrane, 
which is adjacent to the polarized epithelial cells, is comprised of laminins, collagen IV, 
heparin proteoglycans, and perlecans among other minor components. The intralobular 
stroma is maintained by stromal fibroblasts and is mostly made of structural ECM 
proteins such as collagen I and III, elastin, glycosaminoglycans and glycoproteins. 
Overall, this structure forms a complex network of ECM scaffolding and multiple cell 
types. The ECM acts as a structure to maintain and direct gland architecture, bind and 
release growth factors, and signal both biochemically and biophysically to the 
neighboring cells. One can easily imagine the difficulty in recapitulating this complex 
and dynamic microenvironment in vitro, even before considering the changes, both 
cellular and architectural, to the niche upon disease onset. 
Mammary tumor progression is accompanied by an infiltration of inflammatory 
cells, an increase in microvasculature surrounding the tumor, differentiation of stromal 
fibroblasts, and major changes to the structure and composition of the ECM. Specifically 
the ECM is remodeled by deposition of fibronectin, tenascin, collagen I, III, IV, and 
proteoglycans and an increase in matrix metalloproteinase (MMP) expression. MMP 3, 
11, 12, and 13 are overexpressed in the tumor stroma while MMP2 is upregulated in 
transformed epithelial cells (3). Further, induced overexpression of MMP3 has been 
shown to induce tumor formation or increase tumor incidence, suggesting that MMP 
overexpression may contribute to disease initiation instead of being merely a correlated 
effect. Lysyl oxidase (LOX), an enzyme that crosslinks collagen fibers, is overexpressed 
in the tumor stroma, resulting in a stiffer tumor stroma, in addition to a change in 
collagen fiber morphology and mechanics (4). The significant changes that occur during 
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tumor progression hint that ECM stiffening and remodeling could contribute to disease 
progression, and recent evidence has bolstered this hypothesis. 
4.1.3 Microenvironmental stiffness regulates MCF10A phenotype 
Initially, three-dimensional models of breast cancer arose out of a need to 
distinguish between normal and transformed epithelial cells, which was not possible on 
2D plastic substrates (2). Normal mammary epitheial cells (MECs) distributed in floating 
collagen gels formed a multicellular spheroid structure termed an acinus (5). Further 
inspection of the acinus revealed the cells had polarized and formed a hollow lumen in 
the center, assembled a basement membrane of laminin around the acinus, and could 
produce milk proteins when stimulated with hormones (6-8). This demonstrated that 
tissue specific morphologies and functions could be modeled in vitro by providing the 
appropriate microenvironmental context. Currently, basement membrane extract (BME), 
commercially available as Matrigel, is the gold standard for generating mammary acini 
from MEC populations (9). The primary components of Matrigel are laminin-111, 
collagen IV, entactin, and heparan sulfate proteoglycan (10), which provide structural and 
biochemical signaling cues to the developing mammary acinus. Matrigel forms a 
hydrogel when it is warmed to room temperature or above, providing a simple method to 
encapsulate cells in 3D gels (10). 
In many protein gel based systems, matrix stiffness is tunable only within a small 
range based on the protein concentration. To understand the effects of varied stiffness on 
mammary acini, polyacrylamide (PA) gels with tunable elastic moduli and coated with 
adhesion proteins like collagen I or Matrigel can be employed. The Weaver lab used the 
non-transformed immortalized breast epithelial cell line MCF10A to explore the 
influence of 2D substrate stiffness ranging from 100-5000 Pa on MCF10A phenotype 
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(11). On compliant substrates, MCF10A formed spherical, hollow acini with apicobasal 
polarity and were phenotypically normal. However, on stiffer substrates, the apicobasal 
polarity was lost, cells began to proliferate in the center of the acini, and cells were even 
observed to migrate on the stiffest substrates. This study provided substantial evidence 
that microenvironmental stiffness can regulate epithelial cell phenotype, even in the 
absence of oncogenic signaling. A significant limitation of this study, aside from its 2D 
nature, is that the cells cultured on stiff substrates would never adopt the normal acinar 
structure, making the interpretation of the abnormal phenotype difficult in the 
physiological context. The research group later sought to improve upon this work by 
culturing MCF10As in 3D collagen matrices that were of physiological compliance 
initially and could be further crosslinked by the addition of ribose (4). They found that 
secondary crosslinking disrupted normal acinar structures, and when combined with 
oncogene activation (ErbB2), could induce invasion. However, the stiffness of the 
matrices was increased by only 40 Pa (130 initially to 170 Pa). For comparison, the same 
authors reported the difference in modulus between healthy tissue and a mammary tumor 
as 3882 Pa. Thus, the cellular changes observed in this study were likely due to increased 
collagen crosslinking density and not specifically from an increase in stiffness. Increased 
collagen crosslinking could increase integrin occupancy and is known to influence cell 
fate independently of matrix stiffness (12). Additionally, collagen I is not a basement 
membrane component in normal tissue, thus MECs would only interact with it after 
breaching the basement membrane. MCF10A interaction with collagen I could prime the 
cells toward an invasive phenotype simply through cell-ECM binding interactions (13). 
For these reasons, it is imperative to evaluate the role of ECM stiffening in tumor 
progression and metastasis by utilizing a tunable hydrogel with stiffness changes of the 
same magnitude seen in tumorigenesis and with appropriate ECM composition. 
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Recently, MCF10A were shown to adopt an invasive phenotype in stiff gels 
composed of alginate and Matrigel interpenetrating networks (14). This study is 
intriguing because the stiffness can be controlled independently of ECM composition and 
architecture, which are typically highly correlated in protein gels. The group was able to 
convincingly demonstrate that matrix stiffness per se can drive conversion to a malignant 
phenotype. Again however, these cells are seeded within matrices that are either soft or 
stiff initially and maintain constant mechanical properties throughout the experiments. 
Thus, the malignant phenotype does not arise from a phenotypically normal population of 
cells. A dynamic platform is needed to address these outstanding questions. Nonetheless, 
signaling through the Rac1 and PI3K pathways were identified as critical to the 
maintenance of the malignant phenotype. Indeed, these and other mechanotransduction 
pathways may be critical to establishing and reinforcing a dynamic reciprocity between a 
stiffening microenvironment and tumor progression. 
4.1.4 Epithelial to Mesenchymal Transition 
The epithelial-to-mesenchymal transition (EMT) is a latent embryonic program 
that can be induced in tumors and causes migratory and invasive behavior from cancer 
cells. EMT has been postulated as a mechanism by which cancerous epithelial cells could 
disseminate from the primary tumor and metastasize. Markers for EMT inducers correlate 
with poor clinical outcomes across a variety of cancer and metrics (15). Until very 
recently however, researchers were unable to confirm the presence of EMT in clinical 
samples. This is partially due to the fact that mesenchymal cells derived from epithelial 
tumors are nearly indistinguishable from tumor stromal fibroblasts. Recently, several 
studies have demonstrated the presence of mesenchymal cells leading the invasive front 
in migration away from the primary tumor (16). E-cadherin expression in these cells was 
not found (17) or downregulated (15), while the mesenchymal marker vimentin was 
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upregulated at the invasive front. Loss of E-cadherin is a critical event in EMT, and can 
be induced by repressors of E-cadherin promoters like Snail, Zeb, E47, or KLF8 (18, 19) 
or indirect repression of E-cadherin transcription through Twist, Goosecoid, E2.2 and 
FoxC2 (20, 21). Induction of EMT in tumor cells leads to dissemination of the cells from 
the primary tumor, breach of the basement membrane and interaction with the stromal 
microenvironment. Thus, these cells will be the first to interact with the alter ECM 
present around the tumor. Further, as mesenchymal cells, they are likely more responsive 
to changes in matrix stiffness. For these reasons, we are interested in assessing how 
matrix stiffening may contribute to EMT induction and how induced cells respond in 
stiffened matrices. 
4.1.6 Chapter overview 
Here, we show that MCF10A cultured in initially soft alginate-Matrigel 
composites that are stiffened after acinus formation undergo a phenotypic switch to a 
malignant or protrusive phenotype. Gene analysis for an array of EMT associated genes 
shows upregulation in a number of critical EMT markers across several stiffening time 
points. Morphologically, we observed an increase in protrusive colonies and colony size 
after stiffening at day 14 and imaging at day 17. Expression of Ki-67, a proliferative cell 
marker, was increased in the nuclei of acini in irradiated gels. These changes associated 
with stiffening were abrogated when small molecule inhibitors of PI3K and Rac1 were 
added to the cultures upon stiffening. Inhibition of MAPK did not prevent protrusive 
acini but did result in smaller acini.  
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4.2 MATERIALS AND METHODS 
4.2.1 Cell culture 
Human mammary epithelial cells (MCF10A) were obtained from American Type 
Culture Collection (ATCC). MCF10A were cultured with DMEM/F12 basal media 
containing 5% horse serum, 20 ng/ml epidermal growth factor, 0.5 mg/ml 
hydrocortisone, 100 ng/ml cholera toxin, 10 µg/ml insulin, and 1% penicillin-
streptomycin (9). Media was changed every 2 days and cells were passaged before 
reaching confluency.  
4.2.2 3D cell culture 
Assay media was used for all 3D cell cultures. The assay media was composed of 
DMEM/F12 basal media, 2% horse serum, 5 ng/ml epidermal growth factor, 0.5 mg/ml 
hydrocortisone, 100 ng/ml cholera toxin, 10 ug/ml insulin, and 1% penicillin-
streptomycin (9). 
Pronova UP MVG sodium alginate was dissolved in 300 mM NaCl buffered with 
HEPES to 4% w/v. Uniformly crosslinked alginate gels were made using insoluble 
CaCO3 as a calcium source, and glucono-δ-lactone (GdL), which hydrolyzes upon 
dissolution in water to release calcium ions. Gels were made with 5 mM CaCO3 and 10 
mM GdL. Liposomes were included at 20% of the volume of the gel. Growth factor 
reduced Matrigel was included at stock concentration as 25% of the volume of the gels. 
Cells were mixed with the alginate solution prior to gelation to ensure a uniform 
distribution throughout the gel. Gels were pipetted into chambered coverglasses or well 
plates and allowed to gel at 37oC for 30 minutes. Culture media was then carefully 
pipetted over the gels and changed every other day.  
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The gels were irradiated after 4, 7, 14, and 21 days in culture for RNA analysis 
and on day 14 for all other experiments. The culture media was removed prior to 
irradiation and replaced immediately afterward. An 808 nm CW laser was positioned 
above the well plate or chamber slide and exposed for 1 minute.  
4.2.3 Phase contrast microscopy 
A Leica DM IRB microscope was used to capture phase contrast images of the 
MCF10A acini in 3D gels. Images were taken throughout the time period of culture to 
ensure proper development of the mammary acini. To quantify the number of protrusive 
colonies, images were taken at day 17, three days after stiffening. A minimum of 30 acini 
were imaged per experimental condition. Acini were manually identified as protrusive if 
there was a non-continuous curvature of the acinus perimeter (14). Acinus size was 
determined by tracing the outline of the acini in ImageJ and determining the area. 
4.2.4 Multi-photon and confocal microscopy 
Multi-photon excitation or confocal laser scanning microscopy was used to image 
the 3D gels. Multi-photon imaging was performed at 770 nm excitation wavelength. 
Confocal samples were excited with both 405 nm and 561 nm lasers. The samples were 
excited with a Spectra Physics Mai Tai pulsed laser source. A Prairie View Ultima 
multiphoton microscopy system with a 20X or 40X objective was used to capture images. 
ImageJ was used to convert the image sequences into a Z-projection or 3D projections. 
4.2.5 F-actin staining 
F-actin was stained using an AlexaFluor 488 conjugated phalloidin. The media 
was removed from the gels and then the gels were rinsed three times for 5 minutes with 
DPBS with Ca2+, Mg2+ to maintain the alginate crosslinks. The gels were then fixed in 2% 
formaldehyde with 2.5 mM CaCl2 for 15 minutes. The gels were rinsed again with DPBS 
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three times. The cells were permeabilized with 0.1% Triton-X-100 in DPBS for 15 
minutes, then incubated with 50 uM phalloidin for 30 minutes. The phalloidin solution 
was removed and the gels were washed three times for 5 minutes in DPBS again. Finally, 
a 5 uM solution of DAPI in Anti-fade solution was added and the gels were imaged. 
4.2.6 Immunocytochemistry 
Antibodies against Ki-67 (Thermo Scientific, RM-9106) and β catenin (BD 
Transduction 610154) were purchased. To prepare gels for antibody labeling, they were 
fixed fixed in 2% paraformaldehyde for 15 minutes. The alginate gel porosity is on the 
nanometer scale, and substantially limits the diffusion of antibodies. The gels were 
broken up by gentle pipette mixing to reduce the distance the antibodies must diffuse to 
reach their antigen. The cells were permeabilized with 0.5% Triton-X-100 in DPBS for 
10 minutes at 4oC and then rinsed three times with DPBS with glycine for 5 minutes 
each. The gels were incubated in a blocking solution of 10% goat serum in DPBS for 1 
hour. The primary antibody was incubated overnight at 4oC at a dilution of 1:100 in 10% 
goat serum. The following day, the gels were rinsed three times with DPBS with 0.1% 
Triton-X-100 for 20 minutes. The secondary antibody was diluted 1:100 in 10% goat 
serum in DPBS and incubated at room temperature in the dark for 90 minutes. The gels 
were rinsed three times in DPBS. DAPI was diluted to 5 ug/ml in DPBS and incubated 
with the gels for 15 minutes. The gels were then rinsed three times with DPBS for 15 
minutes. Finally, the gel suspension was pipetted onto coverslips depressed into petri 
dishes or glass slides, coverslipped and sealed. The slides were imaged immediately or 
stored at 4oC in the dark until imaging. 
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4.2.7 RNA isolation and PCR arrays 
Twenty-four hours after irradiation, cells were isolated from alginate-Matrigel 
composites by carefully removing the gels from the well plates and placing them into 50 
mM EDTA in DPBS on ice for 5 minutes. The tubes were gently shaken to dissolve the 
gels and the solution was centrifuged at 150 g for 5 minutes to pellet the cells. The cell 
pellet was resuspended in Qiagen RLT Buffer and centrifuged through a QIAShredder 
column to lyse the cells. The flow-through was collected and RNA was isolated with the 
RNeasy Mini Kit according to the manufacturer’s instructions. The RNA was quantified 
with a NanoDrop Spectrophotometer. 
Equal amounts of RNA from the irradiated and control conditions were used in a 
First Strand reverse transcription kit, according to the manufacturer’s instructions. After 
reverse transcription, the cDNA was mixed with SybrGreen Master Mix and RNase free 
water. This solution was plated into a 96-well PCR array for epithelial-to-mesenchymal 
transition (EMT) markers (PAHS-090Z). The plates were run on Viia 7 PCR machines. 
Thresholds for amplification curves were manually set to be equal between control and 
irradiated samples. The ΔΔCt values were calculated by normalizing to the best fit of five 
housekeeping genes in the plate, and then normalizing to the control condition. Heatmaps 
were generated from the PCR array data using JMP. The heatmaps were sorted in 
descending order for day 7, 14, and 21 for comparison. 
4.2.8 Small Molecule Inhibition 
Small molecule inhibitors of mechanotransduction pathways were added on day 
14 after irradiation of the gels. The gels were fixed on day 17 and images of acini were 
captured. The acini size and number of protrusive colonies was determined as in section 
4.2.3. The specific inhibitors used were a FAK inhibitor (PF573228, 5 uM), a ROCK 
inhibitor (Y27632, 10 uM), a MAPK inhibitor (PD98059, 10 uM), a Rac1 inhibitor 
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(NSC23766, 70 uM), and a PI3K inhibitor (LY294002 20 uM). The inhibitors and 
concentrations were selected based on previous work (14, 22, 23).  
4.2.9 Quantification of Ki-67 labeled nuclei 
Acini stained for Ki-67 and DAPI were imaged with a Leica DM 3000B 
fluorescence microscope. The nuclei positive for Ki-67 and DAPI were analyzed in 
ImageJ. Briefly, the images were converted to black and white and a watershed algorithm 
was applied to separate adjacent nuclei. A size threshold for a nucleus was applied and 
the particles were counted using the automated feature. The number of Ki-67 positive 
nuclei was divided by the total number of nuclei labeled with DAPI to give the fraction of 
proliferating cells. 
4.2.10 Statistical Analysis 
Data are presented as mean ± s.d. JMP 10 statistics software was used to analyze 
the data. Statistical significance was determined using either the Student’s t test for 
comparisons between two groups, or a one-way ANOVA with post-hoc Tukey’s HSD 
test for multiple comparisons. P values of less than 0.05 were considered significant. 
4.3 RESULTS AND DISCUSSION 
4.3.1 MCF10A acinus formation in alginate-Matrigel composites 
MCF10A seeded within alginate-Matrigel composite gels formed mammary acini 
similar to MCF10A embedded in Matrigel alone. Single cells proliferated over the course 
of two weeks to form multicellular aggregates (Fig. 4.1). It should be noted that while 
hollow and polarized acini were observed, not all acini were fully mature in these gels. It 
is possible that more time was needed for full maturation. Additionally, the initial gel 
crosslinking density, spatial distribution of Matrigel, or other features of the alginate gel 
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may have prevented full maturation in some cases. Using similar soft alginate-Matrigel 
interpenetrating networks, others have demonstrated that normal morphogenesis of 
MCF10A occurs in these gels (14). Unlike previous studies where single cells were 
seeded either in soft or stiff matrices, here we are able to assess the impact of a stiffened 
microenvironment on a multicellular mammary acinus. 
4.3.2 Effect of stiffening on acinus morphology 
MCF10A acini in alginate-Matrigel composites were cultured for 14 days and 
irradiated to stiffen the matrix (Fig. 4.2A). The storage modulus of the gels prior to 
irradiation was 50 Pa, and after irradiation the gels stiffened to 357 Pa (Fig. 4.2B). These 
values are within the range reported for normal mammary gland tissue, and malignant 
tumors (11). Within 3 days after stiffening the gels, protrusions or branches were 
observed emanating from the acini (Fig. 4.3A). The protrusions were multicellular 
structures that maintained cell-cell contacts, as evidenced by β catenin expression 
between neighboring cells (Fig. 4.4). These protrusive structures resemble collective cell 
migrations from tumor fragments embedded in in vitro gels (24). Interestingly, collective 
cell migration from carcinoma samples was previously seen predominately in collagen I 
gels, and abrogated in Matrigel. In both gel conditions, the matrix stiffness was relatively 
low. Here, we observe collective cell protrusions in environmental contexts where 
MCF10A can only interact with proteins contained in Matrigel, and not collagen I. 
Therefore, we conclude that matrix stiffening, as well as ECM composition can promote 
protrusive behavior.  
We next sought to quantify the effect of matrix stiffening on MCF10A acinus 
morphology. Acini were imaged 3 days after stiffening and classified as protrusive or 
normal. The cross-sectional area was also quantified by tracing the perimeter of the 
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acinus. We observed a statistically significant increase in the number of protrusive acini 
after stiffening (55.5 ± 5.8% protrusive) compared to controls that were not irradiated 
(14.0 ± 8.5%) (Fig. 4.3A,B). The cross-sectional area of acini in stiffened gels was also 
significantly larger, by 2.7 times, than acini in control gels (Fig. 4.3C), suggesting a loss 
of growth-arrest and an increase in proliferation. This was confirmed by a significant 
increase in Ki-67 positive nuclei in acini from irradiated gels. While Ki-67 labeled nuclei 
were rarely observed in acini from control gels, nearly one third of nuclei in the irradiated 
gels were positive for Ki-67 (Fig. 4.4). Staining of cellular F-actin allowed for the 
visualization of the cytoskeleton of the protrusive cells. Multiple cells were observed to 
collectively migrate away from the perimeter of acini with hollow lumens (Fig. 4.5, 4.6). 
It should be noted that not all acini had hollow lumens in both the control and irradiated 
groups. In the stiffened gels, protrusions were seen in both hollow and filled acini. 
Previous work has demonstrated that MCF10A seeded as single cells on stiff 2D 
substrates or in stiff 3D gels adopt a malignant phenotype (11, 14). How stiff 
environments affect acini was an outstanding question, largely because of the lack of 
hydrogel platforms for 3D dynamic stiffening. In prior attempts to dynamically stiffen 
rBM-collagen gels through glycation of collagen with ribose, MCF10A were only 
observed to invade matrices when the oncogene ErbB2 was concurrently activated (4). In 
the absence of oncogenic signaling, the MCF10A adopted an abnormal morphology but 
were not observed to invade the matrix. However, the increase in stiffness in this system 
was quite low; a net change in elastic modulus of only 40 Pa was induced. It is possible 
that a larger stiffness change may have triggered invasion in the absence of ErbB2 
activation. Our observation of MCF10A converting to an protrusive phenotype from a 
mammary acinus addresses the question of ECM stiffening in a more physiologically 
relevant context, both in terms of timing and magnitude of stiffening. These findings 
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confirm the hypothesis that matrix stiffening, in isolation from changes in matrix 
composition or ligand density, can promote an aberrant, protrusive phenotype from a 
quiescent population of nontransformed mammary epithelial cells.  
A branching or protrusive phenotype might arise from a mammary acinus by a 
change in matrix stiffness through several routes. Matrix stiffness is known to alter 
biochemical signaling through several mechanotransduction pathways. We assessed the 
influence of several of these signaling enzymes (PI3K, Rac1, MAPK, ROCK, FAK) in 
this chapter. Other intriguing possibilities include alterations in the sensitivity of 
MCF10A to growth factor signaling and the distribution of mechanical stress in soft and 
stiffened gels. TGF-β signaling in Madin-Darby canine kidney (MDCK) epithelial cells 
depends greatly on the stiffness of the substrate on which the cells are cultured. On 
compliant substrates, TGF-β induces apoptosis, while on stiff substrates, TGF-β 
promotes EMT (25). Additionally, Kim and Asthagiri showed MDCK cells are 100-fold 
more sensitive to EGF on stiffer substrates than on compliant substrates (26). On stiff 
substrates, even EGF doses as low at 0.1 ng/ml caused significant increases in 
proliferation of the cell clusters. It is possible that similar mechanical switches exist in 
MCF10A acini in 3D gels, where an increase in matrix stiffness can cause an increase in 
sensitivity or a change in response to particular cytokines.  
The distribution of stress throughout mammary ducts has also been implicated in 
driving invasion. Using micropatterned acini, Boghaert et al placed a single tumor cells in 
acini of non-transformed cells at areas of high or low mechanical stress. The cells in 
regions of high stress were much more invasive than cells in areas of low stress, despite 
having similar cell-cell contacts. Overall, the distribution of stress was shown to dictate 
whether cells invade or remain in the duct. Similarly, a change in matrix stiffness in the 
system presented here could change the overall stress in a mammary acini, as cells are 
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able to exert higher traction forces against stiffer matrices. Areas where stress is 
concentrated may prime cells for protrusion into the matrix.  
4.3.3 Matrix stiffening induces upregulation of EMT markers 
The emergence of a protrusive population of cells from the mammary epithelial 
cell spheroids suggested a possible EMT event occurring after matrix stiffening. We 
sought to screen a panel of EMT markers using a commercially available EMT PCR 
array to determine the gene expression signature of MCF10A after stiffening. MCF10A 
were cultured in alginate-Matrigel composites and stiffened at day 4, 7, 14, or 21. The 
RNA content was isolated 24 hours after stiffening and analyzed with an EMT PCR 
array. Compared to cells in unirradiated control gels, stiffening of the matrix caused 
upregulation of a number of genes associated with EMT with good agreement across 
stiffening timepoints (Fig. 4.7). It should be noted that replicates within timepoints were 
not performed for these experiments, as the intent was to broadly screen gene expression 
trends and not quantitatively assess statistically significant changes. Nonetheless, the 
general correlation of values across timepoints affords some confidence that the observed 
trends are indicative of gene expression changes in response to matrix stiffening, and not 
simply random variations. 
Notably, ZEB2 and to a lesser extent ZEB1 and TWIST1, critical mediators of 
EMT, are upregulated after matrix stiffening. VIM, which encodes for vimentin, a 
specific marker of mesenchymal cells, is moderately upregulated as well. In addition, the 
RNA production after stiffening on day 14 of several other genes that are implicated or 
associated with EMT was at least twice that of controls including WNT5A, SOX10, 
IGFBP4, and AHNAK. Notably, expression of the Snail family of transcription factors as 
well as GSC was unchanged from controls or even mildly downregulated. Thus, it 
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appears that matrix stiffening induces upregulation of a number of critical EMT markers, 
but does not fully reproduce the classical EMT gene expression profile. Interestingly, 
many invasive cancers are marked by a partial-EMT character, wherein cells of epithelial 
origin are involving in or leading invasion and migration, while maintain some epithelial 
traits such as E-cadherin junctions (27). 
4.3.3 Inhibition of Rac1, PI3K, and MAPK abrogate protrusive behavior 
To understand the mechanisms involved in stiffening-induced invasion, small 
molecule inhibitors of Rac1, PI3K, MAPK, FAK, and ROCK were added to culture 
media after stiffening. The acini were imaged 3 days after stiffening and application of 
the inhibitors. Acini treated with Rac1 and PI3K showed marked reduction size and 
number of protrusive colonies compared to untreated, stiffened acini (Fig. 4.8). Only 
27.5% of acini treated with the PI3K inhibitor were protrusive (Fig. 4.9A). Similarly, 
only 28.5% of colonies treated with the Rac1 inhibitor were protrusive. Both of these 
groups were significantly lower than untreated cells in stiffened gels, and neither were 
significantly different from control gels that were not stiffened. The average acinus size 
in gels treated with either PI3K or Rac1 inhibitors was also significantly lower than the 
stiffened but untreated acini (Fig. 4.9B). In fact, the acinus size in the PI3K treatment 
group was statistically similar to unirradiated control gels. The proportion of protrusive 
acini in gels treated with ROCK and MAPK inhibitors decreased slightly, however the 
changes were not statistically significant. The average size of acini treated with the 
MAPK inhibitor was significantly smaller than untreated acini in stiffened gels however. 
This points to a possible role for MAPK in promoting proliferation or loss of normal 
acinus morphology, but not directly in initiation of invasion. Acini treated with the FAK 
inhibitor showed no change from the untreated acini. These results suggests that ROCK 
and FAK may not be directly involved in initiation of invasion of mammary acini. That is 
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not to say that ROCK and FAK are not involved in transducing mechanical signals to 
drive tumor progression and invasion in vivo. In tumors, genetic changes may cause 
aberrant FAK or ROCK signaling that could promote invasion. Indeed, disruption of 
FAK has been shown to prevent invasion of in situ carcinomas in mouse models (28). 
Rac1 and PI3K were also found to be essential mediators of MCF10A invasion in 
static, stiff alginate-Matrigel networks (14). Inhibition of these molecules lead to a 
reduction in invasion and colony size in stiff gels, similar to our finding that the effects of 
stiffening reduce the phenotypic conversion of MCF10A. This study suggested that 
maintenance of a normal phenotype is mediated through clustering of β4 integrins. In 
stiff gels, the cells were unable to cluster the integrins and the cytoplasmic tails were 
available for phosphorylation by receptor tyrosine kinases, which lead to activation of 
PI3K and Rac1. Our findings are consistent with this PI3K and Rac1 mediated pathway. 
Weaver and colleagues sought to determine the effects of matrix stiffness on 
multicellular epithelial cell spheroids by transplanting them from soft, rBM gels to 
collagen gels of varied stiffness (29). They observed altered morphology, but not 
invasion, of MCF10A spheroids 48 hours after transplantation to a stiffer (1.5 kPa) 
collagen gel. Invasion was observed only with Ha-ras transformed MCF10AT spheroids, 
and was mediated by PI3K signaling. This finding was consistent with previous work 
from this group that demonstrated invasion occurred only when stiff matrices were 
coupled with oncogenic signaling (4). Here, we show a protrusive phenotype arising from 
a non-transformed population of MCF10A in 3D architectures upon stiffening of the 
matrix. Interestingly, promotion of the invasive phenotype by matrix stiffening is also 
driven by the PI3K pathway. 
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4.4 CONCLUSIONS 
We have demonstrated that MCF10A form mammary acini in 3D alginate-
Matrigel composite hydrogels. Stiffening these gels by irradiation promotes 
dissemination of cell clusters from the acinus and protrude into the matrix. Matrix 
stiffening also induces increased cellular proliferation, resulting in larger acini. Further, 
the effects of stiffening are abrogated by inhibiting the PI3K or Rac1 pathways. Finally, 
several EMT markers are upregulated upon matrix stiffening, indicating a partial EMT 
event by which MCF10A become protrusive.  
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Figure 4.1: MCF10A morphogenesis in alginate-Matrigel composite gels over 14 
days. Scale bar represents 50 μm. 
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Figure 4.2: (A) Scheme of experimental timeline. MCF10A will be cultured in 
alginate-Matrigel composites to undergo morphogenesis. The gels 
will be irradiated to stiffen the matrix around the cells and 
analysis will be performed. (B) Storage modulus of alginate-




Figure 4.3: Effect of stiffening on MCF10A morphology and phenotype. (A) 
Morphology of MCF10A after 17 days in culture in static, soft 
alginate-Matrigel composites (left) and gels that were stiffened on day 
14 (right). Protrusions arise after stiffening. (B) The number of 
protrusive colonies significantly increases upon stiffening the gels. (C) 





Figure 4.4: β catenin expression in MCF10A in control and stiffened gels. 
(A) Single image (left) from the middle of MCF10A acinus in 
control gels labeled with anti-β catenin antibody (green) and 
DAPI (blue). 3D reconstruction of Z-series of images (right). (B) 
Single slice (left) and 3D reconstruction (right) of protrusive 










Figure 4.5: Effect of stiffening on MCF10A proliferation in acini. (A) 
Immunofluorescence of whole MCF10A nuclei for DAPI and Ki67. 
(B) Confocal microscopy slices demonstrate a hollow lumen in 
control gels with little Ki67 expression. Irradiated acini were 
disorganized and proliferative. (C) Quantification of nuclei labeled 
with Ki67 as a fraction of total nuclei. At least 10 acini (350-700 
nuclei) were analyzed for each group. 
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Figure 4.6: 3D morphology of MCF10A acini in stiffened gels. Z-projections of 
MCF10A stained with AlexaFluor 488-phalloidin for F-actin (top 
row). Series of images through the z-direction of the acini 
demonstrates formation of a hollow lumen in the control condition 




Figure 4.7: Orthogonal views of F-actin stained MCF10A. (A) MCF10A acinus 
in static, soft gels showing an XY, XY and YZ plane. (B) 
MCF10A acinus in a stiffened gel showing an XY, XZ, and YZ 




Figure 4.8: Heatmap of epithelial-to-
mesenchymal PCR array. Genes 
are sorted in descending order for 
gels irradiated at Day 21. 
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Figure 4.9: Morphology of MCF10A after stiffening and treatment with 
inhibitors. Inhibition of PI3K and Rac1 yielded smaller, less 
protrusive acini. Treatment with MAPK resulted in smaller acini 
that were still protrusive, while ROCK and FAK treatment produced 
no discernable effect. 
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Figure 4.10: Effect of small molecule inhibitors on MCF10A after stiffening. 
(A) Acinus area in gels that were stiffened and treated with 
small molecule inhibitors of PI3K, Rac1, MAPK, ROCK, and 
FAK, or irradiated with no treatment, or in statically soft control 
gels. Acinus area significantly decreases from irradiated gels for 
PI3K, Rac1, and MAPK treatments. (B) The percentage of 
protrusive acini after inhibitor treatment. Inhibition of PI3K and 
Rac1 reduce the number of protrusive colonies significantly 
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Chapter 5: Conclusions and Future Directions 
5.1 SUMMARY OF FINDINGS 
The ECM serves as a medium in which cells grow, organize, move and function. 
Properties of the ECM vary based on tissue type and specific location, and are known to 
be influential in nearly all areas of cell biology. The ECM can dictate cellular 
locomotion, differentiation, proliferation, and morphogenesis. Many diseases are 
associated with abnormal ECM properties. For example, ECM that is stiffer than normal 
is found in cancer, atherosclerosis, and all fibrotic diseases. In order to understand disease 
progression more fully in tissues that undergo dynamic remodeling of the ECM, it is 
necessary to developing 3D model systems that recapitulate the mechanical properties of 
the tissue in a temporally relevant manner.  
In this dissertation, we present the development of such a model using a photo-
tunable 3D alginate hydrogel system. The system is based on three essential components; 
(i) alginate, a naturally derived biopolymer that is crosslinked by divalent cations, (ii) 
temperature-sensitive liposomes encapsulating calcium, and (iii) gold nanorods, which 
convert NIR light to heat through the photothermal effect. Altogether, gold nanorods and 
CaCl2 are encapsulated in the liposomes and distributed within an alginate gel. Irradiation 
with NIR light generates heat and causes a phase change in the lipid bilayer, which 
allows diffusion of the calcium ions out of the liposome and into the alginate. The 
introduction of calcium into the gel causes an increase in crosslinking density and thus an 
increase in gel stiffness. In Chapter 2, the optimization and characterization of the system 
are presented. We demonstrate the ability to stiffen 3D hydrogels over a range that 
encompasses many fibrotic tissue levels. The calcium is stably stored in the liposomes 
until irradiation is induced. Further, this system can be adapted to photolithographic 
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techniques to generate spatially confined stiffening. Finally, by loading chelators in place 
of calcium in the liposomes, the 3D gels can be dynamically softened by decreasing the 
crosslinking density of the gels. 
In Chapter 3, this system is adapted for investigations of time-dependent biology. 
We first investigated the biocompatibility of the system and found that no loss of cell 
viability was induced by calcium release, irradiation, gold nanorods, or heating. We then 
probed the influence of a dynamically stiffening matrix on 3T3 fibroblast morphology. 
Contrary to observations on 2D substrates, we observed an increase in cell elongation in 
soft gels, and an increase in cell roundedness when the gels were stiffened. The effect 
was observed regardless of the nature of cell adhesions (alginate-Matrigel composite or 
RGD-conjugated alginate). Next, we sought to translate the photo-tuning technology to in 
vivo transdermal models. We demonstrate the ability to induce gelation of an alginate 
solution or stiffening of an alginate gel through the skin of a mouse.  
Chapter 4 focuses on the application of the dynamic stiffening model to 
understand the influence of matrix stiffening on epithelial cells as a model of tumor 
stiffening. Using non-transformed MCF10A breast epithelial cells as a model of a mature, 
healthy mammary gland, we observed a phenotypic change in these cells after stiffening 
the surrounding matrix. The acini became larger and more protusive after stiffening, and 
lost several markers of epithelial character. Further, several critical genes associated with 
epithelial to mesenchymal transition were upregulated after stiffening. We determined 
that the morphological changes could be abrogated by inhibiting the PI3K and Rac1 
pathways. Thus, utilizing dynamic stiffening to mimic changes to the ECM during breast 
cancer, we observed a novel phenomenon; the emergence of a protrusive phenotype from 
MCF10A in mammary acini. 
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5.2 FUTURE DIRECTIONS 
5.2.1 Stiffening induced phenotypic changes 
Here, we have identified matrix stiffening as a mechanism to drive a phenotypic 
change in MCF10A breast epithelial cells. After formation of the mammary acinus, 
matrix stiffening promotes upregulation of mesenchymal genes, protrusive acinar 
morphology, and aberrant expression of canonical protein markers. Further, we show that 
this behavior is abrogated when Rac1 and PI3K pathways are inhibited, indicating that 
phenotypic switching is induced through these pathways.  
Future investigation in this topic should look at the critical threshold of stiffening 
to induce this phenotypic switch. Using our system, gels could be tuned to stiffen to 
various moduli by varying irradiation time or liposome concentration. Additionally, it 
would be interesting to determine if this behavior is observed in the presence of high 
concentrations of laminin. Chaudhuri et al showed that MCF10A in stiff gels undergo a 
malignant conversion to an invasive phenotype, similar to our observations (1). However, 
when the concentration of laminin in the gels was increased, the cells remained 
phenotypically normal regardless of matrix stiffness. The effect was attributed to the 
ability of the cells to cluster integrins. In soft microenvironments with a low 
concentration of laminin, the cells were able to pull the ligands together to form 
desmosomes. However, in stiff matrices, the polymer network resisted deformation and 
ligand clustering, causing the invasive phenotype. If sufficient quantities of laminin were 
present in stiff environments, the intergrins were able to cluster ligands without 
deforming the matrix, prevent the malignant switch. Our system could be used to test this 
hypothesis by varied the concentration of laminin initially present in the gels and 
inducing stiffening. Notably, since our hydrogel platform is capable of temporal 
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stiffening, mature acini could be generated prior to stiffening to probe a more 
physiologically relevant timeline of tumor progression. 
Another interesting set of experiments could be performed by utilizing the 
softening modality presented in chapter 2. Weaver and Bissell have demonstrated that 
malignant T4-2 cells cultured in 3D basement membrane gels adopt a malignant 
morphology (2). However, if β1 integrin sites are blocked in these gels, the cells revert to 
a normal acinar phenotype. It is not clear the extent to which matrix stiffness could drive 
phenotypic reversion of malignant cells. Using our hydrogel system with DTPA loaded 
liposomes, malignant cells could be cultured in 3D gels and subsequently softened. The 
decrease in matrix stiffness might lead to less cellular traction force, and less signaling 
through β1 integrin pathways.  
5.2.2 Effects of matrix stiffening on tumor initiation and progression in vivo 
A potentially impactful application of the dynamic phototunable hydrogel 
platform presented here would be investigating the effects of microenvironmental 
stiffness on tumor initiation and progression in vivo. Utilizing the transdermal 
capabilities of the system, tumorigenic cells could be injected into mice in alginate gel 
plugs along with CaCl2-loaded liposomes. These gels could be stiffened at various time 
periods to artificially stiffen the cellular microenvironment. There are a number of mouse 
models with well-established disease timelines and metastatic properties. It would be 
extremely interesting and clinically relevant to determine if the effects seen in vitro are 
mirrored in vivo. For these experiments, the gels could be stiffened at various timepoints 
and to various magnitudes to determine optimal timing and level of microenvironmental 
stiffness for promoting tumor progression and metastasis. Further, many 
chemotherapeutics act by inhibiting molecules that are involved in mechanotransduction 
pathways. It would be valuable to determine which of these inhibitors are effective at 
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abrogating the response to increased microenvironmental stiffness. Also of relevance to 
the breast cancer research community is at what stage of tumor progression stiffness 
plays the most impactful role. It is quite likely that highly malignant tumors, or very 
tumorigenic cells, will metastasize regardless of the gel stiffness, and may even be 
hindered by a stiffened gel. However, at earlier timepoints, the tumor may be induced 
into a migratory or invasive form by an increase in stiffness. Clinicians ideally would 
match treatments to the most effective tumor stage for the patient. Therefore it would be 
beneficial to understand if mechanotransduction inhibitors are more effective at early or 
late stages.   
5.2.3 Probing the mechanical memory of stem cells in 3D microenvironments 
As discussed in chapter 3, there is some debate over the influence of matrix 
stiffness on stem cell differentiation in 3D environments. Cell behavior and fate decisions 
are strikingly different depending on the gel type used in the experiments, making it 
difficult to understand the influence of stiffness in isolation of other confounding factors. 
Further, stem cells possess mechanically memory, or the plasticity to reverse effects of 
prior substrates to a point. This is an emerging concept in stem cell biology and is 
currently not well understood. 
Experiments could be designed using the dynamic phototunable hydrogel 
platform presented here to explore the effects of matrix stiffening on stem cell 
differentiation and mechanical memory. These experiments could be conducted in three-
dimensional, physically crosslinked gels that have been shown to promote stiffness-
dependent stem cell fate decisions previously (3). Stem cell mechanical memory has only 
been demonstrated on 2D substrates, and only on gels that dynamically soften. These 
studies could be extended to determine if mechanically memory is maintained in 3D 
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environments, and could be explored in the context of dynamic stiffening and softening 
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